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INTRODUCTION

Peter T. Flawn
Director, Bureau of Economic Geology
The University of Texas at Austin
Austin, Texas

In this day when words are more commonly
used for their sound than their meaning and labels
do not reflect substance, it is indeed a pleasure
to introduce this Forum on Geology of Industrial
Minerals. It is truly a FORUM—a place where
science and practice meet to apply theory, a
place where geologists try to put their science to
work onthe practical problems of finding, evaluat-
ing, and producing industrial minerals. This
Fourth Forum continues the fine traditions started
four years ago in Ohio.

In Texas, as in other states, the value of
the industrial mineral increment is rising more
rapidly than the total value of mineral produc-
tion. In 1967 the value of nonmetallic industrial
minerals produced in Texas was nearly 425 mil-
liondollars. With the exception of salt and brine,
which are mined underground and through well
fields, and sulfur which is extracted through
bore holes, industrial minerals in Texas, as
elsewhere, are produced from open holesin the
ground or by dredges operating inbays, estuaries,
and rivers. So in Texas, as elsewhere, it is the
industrial mineral producer who bears the brunt
of the rising concern about environmental quality—
concern with air and water pollution and with land
reclamation. Texas already has 23 metropolitan
centers, more than any other state. By the year
2000, it is estimated that Texas will have 50
metropolitan centers. Metropolitan centers are
by their very nature resource-consumption cen-
ters and waste-producing centers. Itis in and
around these centers that industry will have to
find the low unit value mineral and rock materials
(construction materials and clays) needed to
supply the center. It is here that industry will
have to produce the deposits so that the environ-
ment will be protected during production and
reclaim the land so that the depleted site can be
restored to beneficial use. It is in and around

these centersthat wastes from mineral beneficia-
tion and refining will be produced and where their
dispersal will be a problem. It is here that in-
dustry will haveto establish contacts and exchange
information with planners and citizen groups that
control land use. It is significant that the first
violation and fine assessed under the Texas air
pollution laws came about as the result of air
pollution caused by a mineral producer.

What is the role of geology in this effort?
Moreprecisely, what hasthetheme “Depositional
Models in Economic Geology” to do with the
problem? In simple language, an understanding
of the earth processes responsible for the con-
centration of minerals and elements in certain
parts of the earth’s crust and a study in three
dimensions of the distribution of different rock
types enable the geologist to reconstruct the
depositional system, and from this reconstruc-
tion, to predict the occurrence of facies likely to
contain valuable mineral deposits. Beyond the
finding of such deposits, the same model enables
the geologist to assist the engineer in the design
of waste disposal systems, drainage systems,
and the formulation of reclamation plans, and to
assist the planner in development of land-use
plans compatible with the geology of the terrain
and the geologic processes operating therein.

The nonmetallic industrial mineral industry
has only recently emerged from the era of small
individually-owned operations that seldom bene-
fited from engineering and scientific informa-
tion. Now these individual enterprises have been
joined into larger corporations with engineering
departments. But full use of geology in explora-
tion, production, and reclamation is yet to be
realized. This Forum and those to follow will do
much toward making geology an indispensabl e part
of the nonmetallic mineral industry.






THE VIEW FROM THE FORUM

John B. Patton
State Geologist, Indiana Geological Survey, and
Chairman, Department of Geology, Indiana University
Bloomington, Indiana

ABSTRACT

The Forum on the Geology of Industrial Minerals originated through widespread
recognition that the principles of economic geology have been less systematized for
the nonmetallic mineral commodities than for the ores and the fossil fuels, and that
the industrial minerals have received less than their due in geologic literature.

Textbooks pointed toward the nonmetals have been few, and most of the general
economic texts have been writtenby ore geologists who viewed all mineral occurrences
as “deposits” inthe sense of localized bodies. Someindustrial minerals, notably those
of igneous, hydrothermal, or metamorphic origin, lend themselves to this approach,
but more are sedimentary, residual, or otherwise supergene, and factors other than
localization and tenor determine their exploitability.

A host of new ideas and data, especially from the fields of sedimentology and
geochemistry, arewaiting to beincorporated into our studies of theindustrial minerals.
Numerous instruments and investigative methods developed within only the last few
years have yet tobe applied broadly tothe nonmetallic minerals. Predictable market
demandsfor these materials assure a coming era of prosperity for the mineral indus-
tries, and the opportunity is herefor the geology of the industrial mineral sto become
a sophisticated field of scientific endeavor.

Our view from this, the Fourth Forum on
the Geology of Industrial Minerals, may be as
clear as any that we are likely to have soon of
geologic education and the state of the art for the
nonmetals. The industrial minerals have not
been a neglected subject, as volumes have been
written about their mining, quarrying, process-
ing, and uses, but their geology has not received
the professional consideration accorded to the
ores and to the fossil fuels.

By looking back over the training that most
of us received and that the preceding one or two
generations received, we can, | believe, see both
the evidence of the neglect and some of the reason
for it. It is interesting to note that some of the
early English-language texts in economic geology
emphasized the nonmetals. David Page’s ECO-
NOMIC GEOLOGY, published in 1874, gave only
37 pages of attention to the metals and ores but
118 to the industrial minerals and their products,
76 percent of the little volume thus being pointed
toward the nonmetals. His example was nearly
lost, however, inthe swarm of nineteenth-century
literature that emanated from western Europe con-
cerning magmatic and hydrothermal processes,
and directed largely toward the ores.

In reviewing certain other texts released
during the ensuing 90-odd years, | shall use the
overly simplified method of comparing pages of
coverage, realizing with you that other factors
are also part of an appraisal.

GeorgeP. Merrill’stext THENONMETALLIC

MINERALS, published in 1905, would arouse our
hopes because of its title, but it approached the
materialsthrough a chemical classification rang-
ing from the elements to the sulfates, with the
hydrocarbons and a miscellaneous classification
at the end for good measure. We find the title
mildly misleading when we discover arsenic to
be among the nonmetallic elements, cobaltite and
molybdenite among the arsenides and sulfides,
and bauxite among the oxides, all of which shows
that Merrill recognized the artificiality of a
classification based on whether metal was or
was not recovered from a mineral, as most
minerals contain one or more metallic elements,
and many of the ore minerals have some use for
purposes other than recovery of metal.

In 1920 appeared Volume | (and only) of
Grabau’'s GEOLOGY OF THE NONMETALLIC
MINERAL DEPOSITS OTHER THAN THE SILI-
CATES. The preface began “This book is essen-
tially a treatise on applied stratigraphy,” an
accurate descriptionthat set thetonefor the work
and revealed the fact that Grabau was separating
economic mineral deposits not so much on the
basis of whether they were metallic or non-
metallic as upon whether their genesis was sedi-
mentary or related to igneous activity and/or
metamorphism. His approach would have worked
as well for the ores of sedimentary origin. The
text made nodding acknowledgment toward eco-
nomic applications by including paragraphs con-
cerning the geographic distribution of known
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commercial nonmetallic deposits.

Inthe next year (1921) appeared C. K. Leith’s
ECONOMIC ASPECTS OF GEOLOGY, which gave
38 percent of its attention, in terms of pages, to
the industrial minerals.

W. S Bayley’'s GUIDE TO THE STUDY OF
NONMETALLIC MINERAL PRODUCTS, published
in 1930, was perhaps the first to deal with the
industrial minerals from the viewpoint of the
systemics of genesis rather than as a handbook
of commodities, but even it managed only twenty-
four pages of general principles against 480 pages
of encyclopaedic treatment presented commodity
by commodity.

In the same year, Heinrich Ries’ ELEMEN-
TARY ECONOMIC GEOLOGY appeared, and as
we might expect from the author’s standing as a
specialistin certain of thenonmetallic commodi-
ties, particularly industrial sands and clays, the
treatment accorded the industrial minerals was
respectful. He gave 46 percent of the attention
accorded commodities to the nonmetals.

Four editions of Lindgren’s MINERAL DE-
POSITS, spanning a period from 1913 to 1933,
covered the genesis of mineral deposits compre-
hensively. Lindgren’s chapter headings included
such rolling perorations as “Deposits formed by
mechanical processes of transportation and con-
centration; detrital deposits,” and surely the
person whose interest is industrial minerals
cannot feel that Lindgren ignored their genesis.
Yet the manner of presentation relegated most
of the industrial mineralsto second class citizen-
ship. Only the nonmetallic materials that re-
sulted from igneous activity, hydrothermal depo-
sition, or metamorphism were viewed as serious
concerns of the economic geologist.

W. A. Tarr, in first and second editions of
hisINTRODUCTORY ECONOMIC GEOLOGY pub-
lished in 1930 and 1938, gave 80 pages to the
topic “History and Origin of Earth Materials” and
inthemtouched lightly on such nonmetallic miner-
als as the evaporites. In the second edition he
gave 39 percent of the nonfuel attention to the
nonmetallic earth materials. It should be noted
that his coverage of some industrial minerals
was as well done, for the space available, as
any text literature.

ErnestR. Lilley’sSECONOMIC GEOLOGY OF
MINERAL DEPOSITS was issued in 1936. He
gavefairly brief treatment to principles, genesis,
classification, exploration, and technology, but
extensive coverage to commodities. The metals
were sandwiched between various categories of
industrial minerals but still received somewhat
more than half the attention of the pages on non-
fuel commodities. The nonmetallic minerals
were accorded 47 percent of the space.

Alan Bateman’s first and second editions of
ECONOMIC MINERAL DEPOSITS, published in
1942 and 1950, respectively, have dominated the

teaching of economic geology from the time of
the first edition nearly to the present day. In
the second edition, Part I, “Principles and
Processes,” occupied 420 pages and touched
obliquely on the industrial minerals as examples
of certainprocesses. Nonmetallic minerals were
accorded 43 percent of the commodity coverage.

Midway in the Bateman period McKinstrey’s
MINING GEOLOGY appeared, and despite the
breadth implied by the name it is written largely
as if mining were restricted to the ores. Its
principles and procedural instructions, neverthe-
less, are applicableto most nonmetallic minerals
that are related to igneous and metamorphic ac-
tivity.

A popular treatment of economic geology
was offered in 1959 in Riley’s OUR MINERAL
RESOURCES. The volume gave 26 percent of
the space on nonfuels to the nonmetallic minerals.
The coverage of the industrial minerals was
whimsical, as exemplified by the fact that 16
pages were givento gems and only 13 to rock and
mineral building materials. In the latter cate-
gory dimension stone received 3-1/2 pages of
attention and the vastly more important crushed
stone only 1/3 of a page.

The recent economic geology text by Park
and McDiarmid is refreshingly and accurately
titled ORE DEPOSITS, but despite a statement in
the preface that it is “designed to present the
principles and data basic to understanding the
genesis and localization of the metallic ores and
the nonmetallic minerals associated with them,”
the authors presented all the material on barite
and fluorite in a section entitled “The Nature of
the Gangue,” which puts industrial minerals in
their place fairly forthrightly.

In 1960, Robert L. Bates, the godfather of
this Forum, initiated a development that we hope
will become atrend by issuing a truetextbook on
the geology of the industrial rocks and minerals.
It approached the nonmetals as if they are under-
standable from the viewpoint of genesis. It con-
tains information on uses but does not confuse
uses with materials. Laying no claim to being a
handbook, it does not attempt to be comprehensive
in the sense of covering all industrial minerals.
It is a textbook that presents information in a
coordinated manner and offers a basisfor a sound
course. Unfortunately few undergraduate cur-
ricula include a course in geology of industrial
minerals, and most graduate courses onthe sub-
ject have small enrollment. The availability of
this text should have stimulated training in the
subject, and possibly did, although a formal
course may be less necessary when the course
content is so well organized within a single vol-
ume. The text, now out of print, should be re-
issued.

The most recent of the full-blown texts in
economic geology is Lamey’s METALLIC AND
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INDUSTRIAL MINERAL DEPOSITS, published in
1966. Part | deals for 105 pages with the charac-
teristicsand origin of mineral deposits and makes
fleeting acknowledgment to certain types of non-
metallic minerals through specific reference to
pegmatites and brief sections on sedimentary beds
and residual deposits. The sections on metallic
and nonmetallic deposits give 26 percent of the
coverage to the industrial minerals.

In summary of this review of texts, Lindgren
and other authors who wrote concurrently or
subsequently supplied the educational base for
training in economic geology for most persons
still active in the profession today. The field
includes a notable dearth of texts pointed toward
the nonmetals. Most of the classical textbooks
in economic geology during this period were
written by ore geologists, who looked upon all
useful minerals as “deposits,” in the sense of
localized concentrations. Can a stratigraphic
unit such as the Mississippian Ste. Genevieve
Limestone, 100 feet or more thick, and lying
within reach of open-pit quarrying or shallow
mining through a region of several thousand
square miles, be looked upon as a “deposit”?
The parameters that determine its economic
utilization at any given location are likely to be
urbanization, land ownership, quarrels with adja-
cent property owners, and whether the county
decides to improvethe road. Such considerations
do not yield to the traditional approach of the
economic geologist. Questions concerning the
potential value can be answered only partially,
at best, by diamond drill coring, chemical analy-
sis, and physical testing.

For the most part, a different attitude has
existed toward the industrial mineral sthan toward
the ores. The economic geology textbooks have
been written largely by persons who approached
the field of economic geology from the view of
magmatic activity and associated phenomena
Someindustrial minerals, such asthe pegmatites,
it is true, are of igneous origin and yield to this
approach. They are “deposits’ in the classical
meaning of the term.

Some of my audience will wonder how | can
speak thus critically of the period preceding the
Bates text when we have had available such
volumes as Ladoo’s NONMETALLIC MINERALS
and the Ladoo and Myers second edition, or the
three editions of the AIME Sealey Mudd Memorial
Volume, INDUSTRIAL MINERALS AND ROCKS.
My answer is that these are not textbooks of eco-
nomic geology but handbooks concerning mineral
commodities, extremely useful, as handbooks tend
to be, but lacking the comprehensive approach
required of atext that deals with the principles
of a subject. The two editions of Ladoo’s work
showed the desirable homogeneity that results
from a single author, or inthe case of the second
volume, a pair of co-authors. The AIME volumes

lack this homogeneity but havethe advantage that
each chapter iswrittenby a specialistinthefield.
This assures a heterogeneity of approach which
in the case of these volumes is intensified by the
fact that the authors of the various chapters are
not all geologists. Some are, in which case the
chapter is likely to be a substantial work on the
geology of an industrial mineral commodity.
Other chapters are written by chemical engi-
neers, or by managers, and these variations in
authorship are reflected in the coverage. One
chapter offers sound coverage of clay mineral ogy,
another is a thorough analysis of pressure and
temperature relationships or of processing
methods, and another is a shrewd analysis of
profit and loss. The result is that a geology-
oriented course in the nonmetals can use some
chapters almost alone for coverage of a mineral
resource but must depend entirely on outside
references for geologic coverage of other ma-
terials.

To turn now from individual texts and hand-
books on economic geology to broader works, we
gain some impression of the state of our art in
1941 by scanning the 50th anniversary volume of
the Geological Society of America. The preface
has a section entitled “The Field of Geology as
Recognized by the Geol ogical Society of America.”
Under economic geology it listed ore deposits,
engineering geology, and petroleum geology. Each
of thesethree subjectswastreatedin a chapter by
a specialist in the field, and the volume lacks
any reference to industrial minerals.

The 50th anniversary volume of ECONOMIC
GEOLOGY, published in 1951, got through the
first 500-odd pages that constituted Part | with-
out reference to industrial minerals, but Part I1,
a collection of rather unrelated chapters, included
three contributions bearing in variousways onthe
nonmetallic minerals. One was “ Recent Develop-
ments in Clay Mineralogy and Technology” by
Ralph Grim, another dealt with calcium and mag-
nesium carbonates and was written by Don Graf
and J. E. Lamar, and a third, by Richard C.
Jahns, was amost thorough state-of-the-art paper
entitled “The Study of Pegmatites.” The three
industrial mineral topics together occupied about
200 pages, or nearly 18 percent of the anniversary
volume.

A survey of recent professional literature
is no more encouraging. One might turn first
and most hopefully to ECONOMIC GEOLOGY, but
aquick review of the last five-year run reveals
a decline from 29 percent nonmetals coverage in
1963 to 9 percent in 1967, exclusive of those
papers that could not clearly be assigned to either
category or that spanned both.

The journal MINING ENGINEERING was
once a fairly fertile source of information on the
nonmetals, but in 1962 a change in publishing
procedure carried technical articles to the
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TRANSACTIONS, where they are immortal but
not accessible tothat majority of the membership
that receives the journal but does not buy the
TRANSACTIONS of the Society of Mining Engi-
neers. The coverage of MINING ENGINEERING
is now topical rather than technical, and about
one-third of the articles that can be classified
fall into the nonmetals category.

We may ask ourselves whether the picture
revealed by a survey of the literature is a cause
for a poorly developed discipline of industrial
minerals or whether it is an effect attributable
to the fact that study of the nonmetals is not a
discipline in the same sense that studies of ore
deposits or petroleum geology are. One rele-
vant observation is that the geologists working
in nonmetals have not contributed to the written
body of knowledge to a degree comparable to
workers in other fields, whether through diffi-
dence or lack of expertese. It seems unlikely
that the imbalance reflects any prejudice in the
groups that choose the papers to be published in
various appropriate journals.

Another possible answer is that the geologic
literature of industrial mineralsis appearing but
is not universally recognized because it is not
labelled. | suggest that numerous papers appear-
ing in SCIENCE, the JOURNAL OF SEDIMENTA-
RY PETROLOGY, the JOURNAL OF PALEON-
TOLOGY, various journals in geochemistry,
geophysics, and oceanography, and even such
general purpose periodicals as the JOURNAL
OF GEOLOGY, transactions of unspecialized
societies, and a host of monographs published as
memoirs, special papers, and proceedings are
the literature of the new economic geology without
ever the mention of a deposit or a practical appli-
cation.

If | may draw a parallel from the field of
petroleum geology, let me point out that as re-
cently as the 1940’s a high proportion of the
literature in that field appeared in the AAPG
BULLETIN or in special volumes directed to-
ward the oil industry. Consult a paper of today
that is agreed to be significant to petroleum
geology, and you will find that its citations are
largely to fundamental works. May we hope that
the field of industrial minerals can telescope (to
borrow a word from the geology of ore deposits)
its scientific development from the stage of youth
to that of maturity without going through a period

of adolescence? If this idea has merit, | suggest
that a host of recent and current works in modern
sedimentation, low temperature geochemistry,
and geophysical determination of materials’
properties are waiting to be incorporated into
our studies of the industrial minerals, and that
we should be addingto this segment of thelitera-
ture instead of describing quarries, mines, and
pits, or the materials that come from them, in
terms of their present economic potential.

In a similar vein we can rely upon industry,
and the governmental agencies concerned with
minerals, totry out new instruments and investi-
gative procedures that are described as appli-
cable to mineral resource problems and needs,
but we areless prompt in seeing the applicability
of a device or a method that is developed for ob-
taining basic information, particularly when it
originates in an apparently unrelated field of
science or technology.

With al this said, the most fundamental
need that faces us inthe geology of the industrial
minerals isto show beyond doubt that geology can
not only contribute to the field but is essential.
I firmly believe that the majority of current non-
metals operations, at least in terms of numbers,
are proceeding without any geologic advice, a
situation as absurd as random drilling is recog-
nized to be in oil exploration. On the hopeful side
| can report an evident change in the attitude to-
ward new ventures, at least in my own State. |
believe that 20 years ago not a single major
quarry, pit, or mine for industrial minerals in
Indiana had been located with the benefit of geo-
logic advice. W.ithin the last five years not a
single substantial new minerals operation has
been initiated without geologic advice.

All forecasts of market demands during the
coming decades predict enormously increased
use of most industrial minerals, and particularly
those used in construction and the chemical in-
dustries. These materials will be produced in
huge amounts whether or not geology is utilized
in exploration or development. The efficiency
will be immeasurably increased if geologic direc-
tion at all stages comes to be considered neces-
sary. Moreover, the demand for minerals, and
the financial support that will be available during
the assured era of prosperity, offer the oppor-
tunity for the geology of industrial minerals to
become a sophisticated field of endeavor.



RESOURCE AND ECONOMIC IMPORTANCE OF GULF COASTAL SALT DEPOSITS

M. E. Hawkins and S O. Wood, Jr.
Office of Mineral Resources
U. S Bureau of Mines
Dallas, Texas

ABSTRACT

In 1966 Gulf Coastal salt production was 16. 6 million short tons, valued at ap-
proximately $79 million. This production amounted to about 45 percent of the U. S
total of 36. 5 million tons and also more than 13 percent of the world output of 122. 8
million tons. Salt was mined from 23 salt domes in Alabama, Louisiana, and Texas
by fresh-water solution or by room-and-pillar methods. Inthe 23 domes, the esti-
mated resource of salt down to a depth of 2 miles totals about 104 cubic miles. As-
suming a recovery of 50 percent, the producible salt would be almost 517 billiontons,
enoughto supply theUnited Statesfor several thousand years based upon the 1966 rate.
In addition to the domes now being exploited, 108 other inland domes having sat at
depths less than 3, 000 feet offer good possibilities for salt extraction or for under-
ground storage sites of liquefied petroleum gases (L PG).

As of December 1967, 23 inland domes were being used for underground storage
of LPG. The storage capacity in these 23 domes was about 80 million barrels, or
approximately 57 percent of the U. S total underground LPG storage of 141 million
barrels.

During the past decade the annual salt consumption per capita in the United States
increased 31 percent from about 280 to 367 pounds. The growth of the chemical
complex along the Gulf Coast contributed greatly to the increased demands for Gulf
Coastal salt production from 8.2 milliontons in 1957 to 16.6 million tons in 1966.
Chemical uses for salt have altered the end-use patterns considerably. There are
more than 34 major chemical derivatives of salt and more than 14,000 uses for these
derivatives. As technology advances, additional derivatives and uses are expected
to be developed, thus increasing future demand for salt. Projection of recent pro-
duction trends indicates that theU.S. demand for salt in 1980 will be about 75 million

short tons. The Gulf Coast States’ share of the 1980 demand could reach 50 million

tons.

INTRODUCTION

Salt, known as halite in the crystalline form
and as sodium chloride chemically, is a necessity
for human life. Virtually everything that man
consumes is prepared, produced, or processed
by direct or indirect usages of sodium compounds,
of which salt is the most common. Historically,
salt has been used as a medicine and a medium
of exchange, as well as a symbol of purity and of
friendship. During the days of the Roman Em-
pire, Caesar’s soldiers received salt as part of
their pay, and this was known as “salarium” which
is the predecessor of our word “salary.” Among
natives of some of the South Seaislands and in
some areas of Africa, saltis still used as a medi-
um of exchange.

In addition to salt contained in ocean waters
(an average of about 1 pound of salt for 4 gallons
of water), large deposits of this mineral occur
in many basins throughout the world. Figure 1,
adapted from Lang (1957), shows the principal
areas of rock salt deposits in the continental

United States. Structurally, these deposits range
from flat-bedded salt to almost vertical columns
of salt that have ruptured or pierced overlying
formations. Although deposits of rock salt are
fairly common, only two areas inthe United States
are known to contain salt domes. The principal
area of occurrence is in the Gulf Coast region
whichincludes parts of Texas, Louisiana, Missis-
sippi, Alabama, and adjacent offshore tidelands.
The other area is the Paradox basin in Colorado
and Utah.

The mineral salt has been a factor in the
Gulf Coast economy for almost 200 years. White
settlers in Louisiana began recovering salt by
evaporating natural brines emanatingfrom saline
springs during the late 1700’s. In later years,
and in particular during the Civil War, wells
were drilled or hand dug in these saline spring
areas to increase the flow and concentration of
the brine. It was during the digging of a brine
well on Avery Island, Iberia Parish, Louisiana,
in 1862 that the first important deposit of rock
salt was found in North America. This finding
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also marked the first discovery of a salt dome,
although several years passed before this fact
became known. In addition to being the first dis-
covery of an important supply of rock salt, Gulf
Coast domes were the scene of the birthplace of
the Frasch sulfur industry, and the location of
the first large oil gusher that ushered inthe liquid
fuel age.

This report provides information pertaining
to the Gulf Coastal salt resource and economic
importance of selected domes that offer good
possibilities for salt extraction or underground
storage sites. Parameters used for selection of
domes are that (1) the domes must be inland and
(2) subsurface depth to the salt must be less than
3,000 feet; 130 domes meet the selection criteria
(Fig. 2). Statistical data related to the domes
are presented in tables A-I, A-2, and A-3.

SALT PRODUCTION METHODS

Solution and room-and-pillar mining opera-
tionsar etheprinci pal methodsofrecoveringsalt
in the Gulf Coast region of the United States.
Solution mining can be performed by drilling a
well to the desired depth into the salt. Casing
can then be set into the cap rock or salt and ce-
mented, and two strings of tubing installed con-
centrically into the well in such a manner that
water can be pumped into the well through the
annular space between tubing strings and into the
upper part of the cavity. Becausewater dissolves
salt that it contacts, the specific gravity of the
resulting brine increases, and the heavier liquid
gravitates toward the deeper part of the cavity.
The near-saturated solution is then flowed or
pumped to the surface through the inner tubing
string. In theory, about 800 gallons of fresh
water is required to recover aton of salt. To
protect the casing and casing seat, a blanket of
gas is sometimes maintained between the casing
and outer tubing string and in the upper portion
of the cavity.

Room-and-pillar mining consists of remov-
ing salt in a checkerboard pattern, leaving solid
pillars of rock salt for roof support. After de-
veloping a room, a new working level is started
byverti calminingofthesaltfromtheroomfloor
to a depth of about 30 to 50 feet. Mining then
proceedsby undercutting the new salt face, drill-
ing shot holes, and blasting salt onto the lower
floor where it isloaded and transported to either
a crusher or the mine shaft. Because of repeated
vertical mining operations, rooms sometimes
reach heights of 75 to 90 feet. Sdlt recovery in
a room-and-pillar mining operation normally
ranges from 50 to 80 percent.

As of January, 1968, salt was being re-
covered from 23 domes in the Gulf Coastal region
(Fig. 3). Inthreedomes—Hockley inTexas, Cote

Blanche Island and Jefferson Island in Louisiana—
salt is being recovered exclusively by room-and-
pillar mining. There are 16 domes where salt is
being produced exclusively by solution-mining
methods. Seven of these domes are in Texas:
Barbers Hill, Blue Ridge, Bryan Mound, Palan-
gana, Pierce Junction, Spindletop, and Stratton
Ridge. The eight domes in Louisiana are Anse
La Butte, Bayou Choctaw, Darrow, West Hack-
berry, Napoleonville, Sorrento, Starks, and
Sulphur Mines. The other dome undergoing
solution-mining operations exclusively is the
Mclntosh Dome in Alabama. Both solution mining
and room-and-pillar mining operations are being
conducted on four domes—Avery lIsland, Belle
Isle, and Weeks Island in Louisiana, and Grand
Saline in Texas. Table 1 presents a listing of
operators, recovery methods, and names of the
domes being exploited for salt.

In 1966, solution mining accounted for about
95percentofthe7.7milliontonsof sat produced
in Texas and almost 57 percent of the 8.7 million
tons produced in Louisiana; the average was 75
percent for the entire Gulf Coast region.

SALT RESOURCE

Of the 130 inland domes having a depth to top
of salt less than 3,000 feet, the depth isless than
1,000 feet in 47 domes, from 1,000 to 2,000 feet
in 52 domes, and from 2,000 to 3,000 feet in 31
domes. Depth to the salt is less than 1, 000 feet
in 13 of the domes being exploited for salt, be-
tween 1,000 and 2,000 feet in nine domes, and
greater than 4,000 feet in one dome.

In the 23 domes currently being mined, the
estimated volume of salt to a depth of 2 miles
totals about 104 cubic miles (Fisher, 1965;
Hawkins and Jirik, 1966). Assuming that 50 per-
cent of this salt volume could be recovered, the
producible volume would be about 517 billion
tons. At the 1966 production rate of 36.5 million
short tons in the United States, the calculated
producible volume would be adequate for several
thousand years. Using the same assumptions,
the other domes listed in tables A-1, A-2, and
A-3 contain an estimated producible volume of
about 2, 150 billion tons of salt.

SALT CONSUMPTION

During the decade ending in 1967 the per
capita annual salt consumption in the United
States increased about 31 percent, from about
280 to 367 pounds. During the same period Gulf
Coast annual salt production increased from. 8. 2
million to 16.6 million tons, an increase of about
102 percent.

As shown in Figure 4, salt production in the



Table 1. Gulf Coast salt domes where salt is mined.

01

County’
or Mining
Number Dome parish Company Address method
ALABAMA
1 McIntosh,..oeseooeeass Washington..., | Mathieson Alabama Chemical COIP.oocecoessoecs | MCINEOSh, AlADAMAL .0 ce oo enoorescocsenenecenes | Solution.
LOUISIANA
2 Anse la Butte......... St. Martin... Gordy Salt CO.vvvnrireveccsenssaosscnasssess | Pu O, Box 638, New Iberia, Lacieeeveeecensons Solution,
3 Avery Island.......... Iberia....... International Salt CO..cevvevevceroseanasass | Clarks Summit, Pa....oeeceeeevcscsoanennennns Solution, room-
and pillar.
4 Bayou ChoctaW. ..eevsss Iberville.... Allied Chemical Corp. (Solvay Process Div.). | 40 Rector St., New York, N. Y.eeeseuerunurons solution.
eeedOiieeersnsanscoass eeodo. e Ethyl COrp..iveiesescerccaccsssccnssensasasses | 100 Park Ave., New York, N. Y...veveuounrunnn Do.
5 Belle Isle..evenvacens St. Mary..... Cargill, INC.usveesseacsssessasnaseascasnsss | Cargill Bldg,, Minneapolis, Minn...........-.. Solution, room-
. and-pillar.
6 Cote Blanche Island... w..do,....... | Carey Salt Co. (with Monsanto Chemical Co,). | 1800 Carey Blvd., Hutchinson, Kan............ Room-and-pillar.
7 Darrowl/, . oiviiniannn Ascension,... | Wyandotte Chemicals Corp.....vcovvecsseecsss | 1609 Diddle Ave,, Wyandotte, Mich............ Solution.
8 Hackberry, West....... Cameron...... { Olin Mathieson Chemical CO.........vveveeun. | P. O, Box 896, Lake Charles, La......cce.o0vess Do.
9 Jefferson Island...... Iberia....... Diamond Crystal Salt Co. (Jefferson Island 916 Riverside, St. Clair, Mich.....c.cvvuven Room-and-pillar.
Div.).
10 Napoleonville......... Assumption..., | Dow Chemical CO..v.vvuvvarevsnocaronssnnnsss | Midland, Mich.....uovirinrnnrenennnsrnnnnnans Solution.
B P - Hooker Chemical CO.....ce00ceeceucscencscess | 666 Fifth Ave,, New York, N. Y..ovoeereeennenn Do.
11 Sorrento.....vesvesecs Ascension.... Kaiser Aluminum and Chemical Corp.,.......... { 300 Lakeside Drive, Oakland, Calif,.......... Do.
12 Starks....ccevcevevens Calcasieu.... Pittsburgh Plate Glass Co.......0.ecvsvs.... | Chemical Div., Box 1000, Lake Charles, La.... Do.
13 Sulphur Mines......... veedoisinenen R« U e A 1 Do.
14 Weeks Island.......... Iberia....... Morton Salt CO...evvevvrnessnsaosuenssessnss | 110 N. Wacker Drive, Chicago, Ill............ Solution, room-
and-pillar,
15 Winnfield2/ . ..u.uiunn. Winn.,....... } Carey Salt CO...vvvocuuavosososassusansessse | 1800 Carey Blvd,, Hutchinson, Kan............ Do.
TEXAS
16 Barbers Hill.......... Chambers..... Diamond Alkali CO......cvees0nvsecevovssessss | 300 Union Commerce Bldg., Cleveland, Ohio.... Solution.
17 Blue Ridge.....nvueuss Fort Bend.... | United Salt COrP.eu..ceevesssceesvsncnsessess | 4614 Montrose Blvd., Houston, T€X......e0ve.s Do.
18 Bryan Mound........... Brazoria..... Dow Chemical CO...oiivrverrecesncvevsesneses |Midland, Mich. .. .inerriioninineneiinenennnas Do,
19 Grand Saline.......... Van Zandt.... Morton Salt CO..vvevveenssacavnsernssncasaes | 110 N, Wacker Drive, Chicago, Ill............ Solution, room-
and-pillar.
20 Hockley...oivoooernnes Harris,...... | United Salt COrpus.vcscecnssesccosssosnsesse | 4614 Montrose Blvd., Houston, TeX........eus. Room-and-pillar,
21 Palangana,,....creveevs buval........ Pittsburgh Plate Glass CO.uevvvvvuevesesanss § BOx 6026, Corpus Christi, TeX..eveeeeeenwsesn Solution.
22 Pierce Junction....... Harris....... Texas Brine COrPiv..eesescescccceassscasesse | L1650 Alameda Road, Houston, TeX.......oveee. Do.
23 Spindletop....ccceuuns Jefferson.... | coed0ieuciererererreeerorasnsonnassssanssoes [ eeel0iuuiuiuneiieinsernsoeanunnneronsaseasnanns Do.
24 Stratton Ridge........ Brazoria..... Dow Chemical CO.vuvuevevenooocsovsvecsosseses IMidland, MiCh, .o sooooossooosononnnossanse Do,

1/ Only dome being mined for salt with depth to top of salt more than 3,000 ft.
2/ The mine filled with water, and operations were discontinued in November 1965,
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Table A-1.

L ouisiana onshore domes with depth to top of salt 3,000 feet or less.

Ref- Location Depth to | Depth to Salt Year 3/ Ref~
erence | Map Miles from cap rock, salt, volumzi firstz/ Discovery well and year— Remarks erence
No, index Dome Parish Sec. T. R. parish seat feet feet cumi 1/ Imovn= No.
1 119 | Anse la Butte.... | St, Martin......| 117-98-5E........ | 11 NW St. @/ 160 3.1 1899 [Anae la Butte Oil Co, well 2 (salt) - 1901. LPG storage; brine production. 1
Martinville,
2 56 | Arcadia..........|Blenville....... | 29-18%-5w........| 1 SE Arcadia.......| 1,282 1,400 - 1922 A‘E“diﬂ)sw'i;“" (Smitherman) White well 1 | LPG storage. 2
salt) - 22,
3 111 | Avery Island..... |Iberia..........| 39-135-5E....... .| 10 sW New 1beria...| (4/) 6 4.0 1862 |Hand-dug well found salt at 16 feet - 1862. Salt mine. First discovery of rock 3
galt deposits in North America.
4 101 | Bay Ste. Elaime.. | Terrebonne...... | 17-225-18E....... 31 SSE Houma.. 710 1,200 6.7 1927 |The Texas Co., State-Bay Ste. Elaine well Sulfur operations abandoned. 4
- 5 (salt) - 1928,
5 115 | Bayou Bleu....... Iberville....... | 74-95-10E........ | 9 W Plaquemine....| 2,793 2,801 4.6 1926 Stindazd c1n§ Coi of Loulsians, Wilbert well - 5
~4 (salt) - 1928,
6 117 | Bayou Bouillon... |St, Martin snd | 24-95-8E......... | 17 NE St. 1,260 1,375 4.5 1901 ([Crowley 0il & Mineral Co., well 2 (salt) - - 6
Iberville. Martinville. 1914,
7 116 | Bayou Choctaw.... | Iberville....... 52-95-11E........ | 6 N¥ Plaquemine.... 237 629 L3 1926 |Texas Gulf Sulphur Co., Wilbert's Myrtle LPG storage. Brine production. 7
Grove well 5 (salt) - 1930.
8 104 |Belle Isle....... |St. Mary........ 28-175-10E....... | 19 SSE Franklin.... 110 137 1.9 1896 |Captain A. F. Lucas well 2 (salt) - 1897, Salt mine, 8
9 124 | Big Lake........ . | cameren......... 12-125~%........ | 15 NNE Cameron.....| (4/) 1,295 - 1934 Hm;“ﬁ(mi g‘ Ref;néns Co., Miami Corp. well - 9
-L (salt) ~ 1956.
10 52 | Bistineau........ | Webster...... we.| 35-18N-10M....... 9 SW Minden........| 1,375 1,500 - 1902 |Gulf Refining Co., Bistineau well 2 (salt) - Salt produced from brine wells on 10
1913. dome during Civil War.
11 130 | Black Bayou...... | Cameron,........ | 7-128-12W........ 24 WW Cameron,. 881 1,035 2.8 1927 She(vll 011 Co. (Roxana), Watkina well 1 - 11
salt) - 1928.
12 98 | Bully Camp....... Lafourche. .... .. | 1~19s-20E........ | 37 SE Thibodaux....| 1,256 1,296 2.7 1942 |Gulf 0il & Ref)inina Co., Delta Securities Sulfur production expected in 1968. 12
well 1 (sslt) - 1942,
13 123 | Calcasieu Lake.,. | Camerom...... v.. | 135-W........... | 6 NNE Cameron..... .| 1,446 2,345 3.1 1927 |Louisiana Land & Exploration Co.-Texas Co., - 13
state well 1 (salt) - 1928,
14 64 | Cedar Creek,..... |Winm........coues 30-11N-2W........ | 2 SE Winnfield..... 500 750 - 1907 Wimflisld 0il Co., Butler well 1 (cap - 14
rock) - 1907,
15 105 | Chacahoula....... | Lafourche....... | 71-158-15E....... | 10 SW Thibodsux.... 875 1,100 9.1 1926 |Gulf Petroleum Corp., Starks well 25 Brine production, Sulfur operations 15
(salt) -~ 1930, reopened in 1967,
16 59 | Chestnut.. Natchitoches.,.. | 23-13N-6W........ | 24 NE Natchitoches. ()] 2,450 - 1926 Ohigzgil Co., 5. F. Thomas well 1 (salt - - 16
17 99 | Clovelly......... | Lafourche....... | 32-185~22E....... | 42 SE Thibodaux.... 349 1,168 -6 1951 |Texas Gulf Sulphur Co., Humble-Shell fee - 17
well 1 (salt) - 1951,
18 62 | Coochie Brake.... |Winm............| 31-10N-4W........| 13 SW Winnfield..,.| Surface 2,500 - 1899 Ohio 011 Co., Edenborn well 1 (salt) - - 18
927.
19 109 | Cote Blanche St. Mary........} 23-15S-7E........ | 12 WSW Frenklin.... (1)) 298 6.8 1901 |[Southern Salt Syndicate fee well 9 Salt mine. 19
Island. (salt) - 1921,
20 103 | Dog Lake........ . | Terrebonne...... | 6-225-16E........ | 30 SSW Houma.......} 1,439 1,725 3.2 1927 |The Texas Co., State-Dog Lake well 1-B - 20
(salt) - 1929,
21 61 | Drakes........... Natchitoches 21~-12N-5W........ | 16 WNW Winnfield... 200 850 - 1902 |Savaege Bros, fee well 1 (sslt) - 1906. Salt produced from brine wells on 21
and Wion. dome during Civil War.
22 114 | Fausse Pointe.... | Iberia and 26~11S-8E........ | 14 NE New Iberia... 792 823 7.9 1926 {Uniom Sulphur Co., Shaw fee well 1 - 22
St, Martim. (salt) - 1926,
23 102 { Four Isle Bay.... | Terrebonne,.....{ 23-21S-16E....... | 26 S Houma.. ceee 498 1,305 3.1 1927 |The Texas-Co., Louisiana Land & Exploration - 23
Co.-Four Isle well 1 (sslt) - 1929,
24 93 | Garden Island Bay | Plaquemines,.... | 24-235-20E....... | 51 SE Polat a la 1,691 2,014 6.3 1928 |The Texas Co., State-Garden Island Bay Sulfur productive, 24
Hache, well 1 (salt) - 1929.
25 55 | Gibsland...... ... | Bienville....... | 16-18N-TW........ 9 W Arcadi@........ 612 885 - 1925 |[L. R, Hawks et al., Calhoun well 1 (salt) - LPG storage. 25
1926.
26 65 | Gilbert.......... | Franklin........ 22-13N~8E........ | 7 SE Winnsboro..... | 1,425 1,770 - 1937 }Continental 0il Co., Sherrouse well 1 - 26
(salt) - 1939,
27 126 | Hsckberry, East..| Camerom......... | 13-128-10W....... | 17 N Cameron,...... 2,749 2,950 4.7 1926 |Calcasieu 0il Co,, Watkins well 2 (salt) - LPG storage, 27
1928.
28 125 { Hackberry, West,.| ...do... 21-128-10W....... | 16 NW Cameron,..... 1,234 1,960 11,5 1902 |Yount-Lee 0il Co,, Gulf Land Co. well 5 Brine productiom. 28
5/ {salt) -~ 1924,
29 113 Iberia Iberia..... weevo| 51-125-7B........ | 5 E New Iberia..... [ 1,078 805 2.1 1917 New Iberia 01l Co., Bolivar well 1 - 29
(Little Bayou). 5/ (salt) -~ 1917.
30 112 | Jefferson Island.| ...do....evvvues | 59-125-5E,,.0u... | 9 WSW New Iberis... ='525 31 2.4 1895 Joseph Jefferson water well (salt) - 1895, Salt mine; sulfur operations 30
abandoned.
31 122 | JenningB..eeeu... Acadid.iiesiveno| 47-98-2H, . .en... | 14 NW Crowley...... 2,000 2,512 1.5 1901 |The Texas Co., Latrielle well B-2 {salt) - - 31
1926,
32 57 | Kinge....svveoo.o | Blenville....... 35-15N-8W...0v... | 25 SW Arcadia...... 160 172 - 1902 | The Pardee Co, fee well 1 (salt) ~ 1914, Salt produced from brine wells on 32
dome during Civil War.
33 100 | Lake Barre.......| Terrebomme...... 37-218-19E....... | 30 SSE Houma....... 721 758 1.3 1928 |The Texas Co,, State-Lake Barre well 1 - 33
(salt) - 1929,
34 97 | Lake Hermitage...| Plaquemines..... | 11-185-25E.,..... | 6 SW Point a la 905 1,400 .9 1928 |Texas Gulf Sulphur Co., Lafourche Basin Sulfur production expected in 1968, 34
Hache. Levee Diatrict well 1 (cap rock) - 1933,
35 95 | Lake Washington ...do,.. .| 24-205~26E... 16 S Point a la 1,070 1,500 14.5 1928 |Humble 011 & Refining Co., Cockrell-Moran Sulfur productive, 35
(Grande Ecaille) Hache., well 1 (salt) - 1930,
36 53 | Minden.....s.... | Webster.........} 20-19N-8W........ | 4 E Minden......... 1,372 1,912 - - Gulf Refining Co., Bridgeman well 1 First commercial oil production from 36
(salt) - 1933, an interior dome in Louisiana,
1/ Salt volume estimated from top of salt to a depth of 10,560 feet. 4/ No cap rock reported or information not available.
2/ Salt dome indicated by surface expreseion or geophysical test. 5/ Cap rock not on dome top. .
3/ Yesr first well penetrated salt, cap rock, or discovered oil or gas. 6/ Depth indicated by geophysical or drilling data.
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Table A-1.

L ouisiana onshore domes with depth to top of salt 3,000 feet or less (continued).

21

Ref- Location Depth to | Depth to Balt Year 3/ Ref-
erence | Map Miles from cap rock, salt, volume firs:Z/ Discovery well and yeesr Remarks erence
No. index Dome Parish Sec. T. R, parish seat feet feet cu mi i/ No.
37 108 | Napoleonville.,..| Assumption...... | 41-128~13E....... | 10 NW Napoleonville 350 650 7.7 1926 |Union Sulphur Co., Clifton Land well 1 Brine production. 37
(salt) - 1926.
38 121 | Pine Prairie.....| Evengeline......| 35-35-1W,.,...... | 10 W Ville Platte.| Surface 516 2.9 1908 |[Myles Mineral Co. fee well 1 (salt) - 1909. LPG storage; limestome quarrying a8
operations abandoned.
39 120 | Plumb Bob.,......| St. Mertin...... | 21-85-7E......... | 17 NNE St, 1,030 1,189 .2 1933 |The Texas Co., St. Mertin Lend Co. well 9 - 39
Martinville. (salt) - 1937.
40 96 | Potash...........{ Plaquemines,...,{ 11-185-27E....... { 8 SE Point 2 la 678 1,300 1.0 1929 {Humble 0il & Refining Co., Texas Gulf - 40
Hache, 6/ 6/ Sulphur Co, well 1 (salt) - 1937,
41 60 | Prices...vveeeees | Winhoouurosenons | 30-13N-4W, . ..,.. | 15 NW Wimmfield.... |~ 1,000 1,300 - 1902 {Surface geology; geological literature Salt produced from brine wells on 41
describes area in detail in 1902, dome during Civil War,
42 58 | Rayburms.........| Bienville....... | 31-15N-5W........ | 21 § Arcadie.......| Surface 115 - 1902 [J, L. Dorman well (cap rock) - 1910, Salt produced from brime wells om 42
dome during Civil War.
43 118 [Section 28.......| St. Martin......|33-95-7E......... | 9 NNE St. 951 1,190 2.3 1917 |Martin-Hager-Simms fee well 1 (salt) - - 43
Mertinville, 1918, )
44 106 | Sorremto.........| Ascension....... | 15-108S<4E.,...... | 14 KE 1,568 1,717 5.1 1926 |Gulf Refining Co., United Land Co. well LPG storage; brine production. [7A
Donaldsonville. 2 (cap rock) - 1927,
45 128 | Starks........... ]| Calcasieu....... | 19-98-12W,,.,.,.. | 19 NNW Lake 1,202 1,925 2,2 1925 |Gulf Refining Co., Industrial Lumber Co. Brine production; sulfur operatioms 45
Charles. ' well 1 (salt) - 1926. sbandoned.,
46 127 | Sulphur Mines....| ...d0scecsencses | 29-95-10W....... . 113 W Lake Charles.. 315 1,460 1.1 1868 |Louisisna Petroleum & Coal 0il Co. well LPG storage, brine production; 46
(cap rock) - 1868, Frasch process proved.
47 54 | vacherie...... +.. | Webster and 16-17N~-8W........ | 12 SSE Minden...... 658 777 - 1921 |Standard Oil Co. of Louisiana, Jordan - 47
Bienville. well 1 (salt) - 1922,
48 94 |venice,..........| Plaquemines..... | 26-215-30E.,..... | 31 SE Point a la @n 1,328 3.7 1928 |Gulf 0il Corp., Buras Levee District - 48
Hache. well 2-B (salt) - 1931,
49 129 |vinton........... | Calcasieu....... | 33-10S-12W....... | 16 WSW Lake 384 925 - 1902 |vViaton 01l & Sulphur Co., well 2 - 49
Charles. (cap rock) - 1902-04,
50 66 |Walnut Bayou.....| Madisom.,,...... | 50-17N-13E....... [ 6 E Tallulsh,...... 2,650 2,740 - - Vasser-Brown, Webb well 1 (salt) - 1953, - 50
51 110 |Weeks Island.....{ Iberia.......... { 38=148~6E...,..., [ 16 S New Iberia....| Surface 88 6.1 1897 |[F. F. Myles fee well 4 (salt) - 1897. Salt mined since 1902, 51
52 107 |White Castle.....| Iberville....... | 1~118-12E........ | 11 S Plaquemine....| 1,693 2,313 1.3 1926 |Shell Petroleum Corp., Wilberts Soms - 52
well A-1 (salt) - 1928,
53 63 fWinnfield..,,....|Wimd..00veooes.. | 19-11N-3W... .. |5 W Winnfield.,....| Surface 200 - 1907 | Cady Petroleum Co., Southern Mineral Salt mine became flooded and was 53
Co. well 1 (salt) - 1920, abandoned November 1965.
1/ Salt volume estimated from top of salt to a depth of 10,560 feet.
2/ Salt dome indicated by surface expression or geophysical test,
3/ Year first well penetrated salt, cap rock, or discovered oil or gas.
4/ No cap rock reported or information not available.
5/ Cap rock not on dome top.
6/ Depth indicated by geophysical or drilling data.
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Table A-2. Mississippi and Alabama onshore domes with depth to top of salt 3,000 feet or less.
Ref- Location Depth to | Depth to Ssalt Year 3/ Ref-
erence | Map 1 Miles from cap rock, salt, vulumel/ firsty/| Discovery well and year— Remarks erence
No. index Dome County Sec., T. R. county seat feet feet cumi = | known No.
Mississippi Mississippl -.Continued
54 70 {Allen...........| Copish,....c.....| 5-9N-6E........| 15 SW Hazlehurst.... 2,445 2,774 - 1944 |Sun 0il Co., Case Lumber Co. well 2 - S4
(salt) - 194,
55 76 |Arm....e........ | Lewrence......... 17-6N-20W...... | 5 SE Monticello..,.. 1,218 1,930 - 1945 (Humble 01l & Refining Co., 5. M, Nelson Slight oil stain in upper Tuscaloosa. 55
well 1 (salt) -~ 1945,
56 67 | Bruinsburg...... | Claiborme........ | 13-1IN-1E...... | 10 WSW Port Gibsom,. 1,629 2,016 - 1944 | Freeport Sulphur Co,, W. R, Hammet well 2 Gas productive; shut in, 56
(salt) - 1944,
57 90 |Byrd............ | Greeme,.......... [ 16-3N-7W.......| 10 NW Leaksville.... 1,440 2,058 - 1943 |Gulf Refining Co., School Land well 1 - 57
(salt) - 1943,
58 71 |GCermichsel...... | Hinds............ | 27-3N-3W....... | 14 SSW Raymond..,...| 2,685 2,966 - 1949 |Southeastern Drillinmg Co., Lewis-Ervin - 58
well 1 (salt) - 1949,
59 91 |County Line,.... | Greene and Wsyne. 1-5N-6W........ | 19 N Leaksville..... 1,239 2,170 - 1948 |Sun Oil Co., David Gaines Estate well 1 Showings of oil in sands from 1,085 59
4/ (aalt) ~ 1948, feet to 1,270 feet,
60 75 |p'Lo..veveeee... | Simpson.......0vo | 17-2N-4E....... | 3 NNW Mendenhall....| 2,090 {—"2,400 - 1937 | Gulf Refining Co., Blalock-Nichols - 60
4/ well 1 (cap rock) - 1942,
61 81 {Pomt............ | Covington,....... | 7-8N~-14W....... | 7 ENE Collins.......| 2,032 {=2,300 - 1940 {Sum 0il Co., W. W. Speed well D-1 - 61
4t (cap rock) - 1940.
62 78 {Dry Creek....... I O .} 21-8N-17W...... | 9 W Collins.........} 1,986 {="2,300 - 1946 |sippiala Corp,, Bertha McRamey well 1 - 62
(cap rock) - 1946,
63 86 | Eminence........ Covington and 5-7N-14W....... | 9 SE Collins........ 1,964 2,440 - 1947 | Humble 01l & Refining Co., Leroy Rogers - 63
Jones. well 1 (salt) - 1947,
64 83 | Lempton......... | Marion........... 21-3K-17W...... 6 ESE Columbia......] 1,365 1,647 - 1943 | Gulf Refining Co., E. H. Bradshaw ~ 64
well 1 (cep rock) - 1943,
65 68 | Leedo........... | Jefferson........ | 19-8N-4E.......{ 12 ESE Feyette......| 1,359 2,065 - 1943 | Gulf Refining Co., Sarsh B. Cupit well 1 ~ 65
. (salt) - 1943.
66 69 |McBride.........| ...d0....00.ieu0. | 10-9N-4E....... | 15 ENE Fayette......| 1,865 2,205 - 1946 | The california Co., W. G. Greer, et al. Gas productive; shut im. 66
well 2 (salt) - 1946,
67 88 | McLeurin........ | Porrest.......... | 10-2N-13W...... |12 S Hettiesburg....{ 1,705 1,933 - 1948 | panciger 01l & Befining Co., Love - 67
Petroleum Co, well 1 (salt) - 1948.
68 85 |Midway.......... | Lamar............ | 28-4N-15W...... 10 NNW Purvis.......| 1,613 2,522 - 1932 | Sun 011 Co., Scanlan-Semmes well 1 First proved salt dome in Mississippi. €8
(salt) - 1937, Asphaltic oil shows in cap rock.
69 74 | Monticello...... | Lewrence......... | 35-7N-10E...... | 3 SW Monticello.....| 2,256 2,757 - 1943 [ Gulf Refining Co., J. A. Cox well 1 Shows of esphaltic ofl in flamk well. 69
(salt) - 1943,
70 80 |New Home........ | Smith............ | 5-108-13W...... | 16 SE Raleigh.......| 1,520 2,595 - 1943 | Gulf Refining Co., J. F. Dykes well 1 Asphaltic oil showe in cap rock. 70
(cap rock) -~ 1943,
71 72 {Oakley....eoun.. | Hinds.......ooeee | 27-5N-3W....... | 4 WSW Raymond...... 2,600 2,63 - 1949 | Sun 011 Co., H. T. Shuff well 1 (cap - 71
rock) - 1949,
72 77 {oOskvale......... | Jefferson Devis.. | 32-6N-1%...... {11 SSW Preantiss.....| 1,836 2,696 - 1940 | Sun 01; Co., Ed Teylor well 1 (cap - 72
rock) - 1940.
73 87 | Petal....... vee. | Forrest.......... | 25-5N-13W...... | 2 NNE Hattiesburg...| 1,235 1,739 - 1946 Sil(’Pil]-! Corp., J. E. Wileon well 1 LFG storage. 73
salt) - 1946,
T4 79 iRaleigh........ .| Smith.......... .e 17-2N-8E....... | 6 SE Raleigh........ 1,490 2,140 - 1964 | Central 0il Co., Unit 17-14 well 1 -~ T4
(ealt) - 1964,
75 82 |{Richmond..,,.... | Covingtem........ | 20-6N-15W...... | 11 SSE Collins......{ 1,610 1,954 - 1944 | Freeport Sulphur Co., Mrs. M. Bessley - 75
well 1 (cap rock) - 1944,
76 89 |Richten...... veo} Perry......e..... | 26-5N-10W...... | 10 NNE New Augusta.. 497 722 - 1944 | Exploro Corp., W. E. Carter well 1 Largest salt dome known in Mississippi. 76
(cap rock) - 1944,
7 73 {Ruth............ ] Lincoln.......... | 15-5N=9E....... | 13 SE Brookhaven....| 2,208 2,700 - 1942 | Freeport Sulphur Co., C. C. Clarke Showinga of asphaltic oil in Wilcox 77
well 2 (cap rock) - 1942, and Cretaceous ssnds,
78 84 |Tetwm.,......... | Lamar............ | l4~2N-16W...... 9 WSW Purvis........ 872 1,503 - 1940 | Tatum Lumber Co., W. 5. F. Tatum well 1 - 78
(salt) - 1940,
Alsbama Alabama - Continued
79 92 | Mclntosh........ | Washington....... | 29-38-1E....... | 20 SE Chatom........ 270 %00 1.8 - | Bumble 0i1 & Refining Co., Washington Lumber I Brime production. 79
and Turpentine Corp. well 1 (salt) - 1948,
1/ Salt volume estimated from top of salt to a depth of 10,560 feet.

2/
3/
&/

Salt dome indicated by surface expression or geophysical test.
Year first well penetrated salt, cap rock, or discovered oil or gas.

Depth indicsted by geophysicsl or drilling dats.
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Table A-3. Texas onshore domes with depth to top of salt 3,000 feet or less.

P

Ref- Location Depth to | Depth to Salt Year 3/ Ref-
erence| Map County and Miles from cap rock, salt, vol\lxwye1 first 2/ Discovery well and year— Remarks erence
No. index Dome district Survey county seat feet feet cumi /| xnown £ No.
80 A Allen......... Brazoria 3 | Wm. & Thos. Alley..} 17 SSW Amgleton... 760 1,380 0.8 1925 Shell 0il Co., Allen well 1 (cap rock) - Structure is circular with overhang. )
1927,
81 31 Barbers Hill.. Chambers 3 | H. Griffith, A-12..| 14 WNW Anshuac.... 350 1,000 5.1 1902 Patillo Higgins, Old River well 1 LPG storage; brine production. First im- 81
(cap rock) - 1902, portant oil found below a salt overhang.
82 25 Batson........ Hardin 3 | J. Milhome..... 16 WSW Kountze.... 1,080 2,050 3.2 1903 Paraffine 011 Co. fee well 3 (cap rock) - - 82
1903.
83 10 Bethel........ Anderson 6 | J. N. Acosta, A-1..| 19 NW Palestine...] 1,440 1,600 8.0 1927 Pure 0il Co., J. R, Cook well 1 (salt) ~ - 83
1927.
84 19 Big Creek..... Fort Bend 3 | Michael Young...... 9 SSE Richmend.... 450 635 1.8 1922 Gulf Production Co.-McSweeney and Snowden, - 84
Wheat well 1 (salt) - 1922.
85 34 Big Hill...... Jefferson 3] 5. Eatonuusavsvs.s. | 26 SSW Begumont.,, 200 1,300 2.6 1900 J. M. Guffey, Broussard well 1 (cap LPG storage. 85
rock) - 1901,
86 20 Blue Ridge.... Fort Bend 3 | J. Poitevent 3.....| 17 E Richmond,..... 143 230 1.3 1903 Rio Brave 0il Co., well 1 (salt) - LPG storage; brine productiom. 86
1903,
87 9 Boggy Creek,.. Anderson and 6 | M. Kays, A~459..... | 17 NE Palestine... (é/) 1,829 11.2 1924 Humble 0il & Refining Co., Earl and First oil productive interior salt dome, 87
Cherokee Ragsdale well 1 (salt) - 1926,
88 38 Boling........ | Wharton and 3| $. F. Austin, A-2..{ I3 ESE Wharton.... 383 975 3L.3 1923 Gulf Production Co., Missouri Land Co. Sulfur productive, 88
Fort Bend well 1 (cap rock) - 1923,
89 16 Brenham... Washington and 3 | §. M. Williams, 8 SW Brechsm..... . 800 1,150 1.3 1917 Gulf Production Co., Schuerenberg well 2 - 89
Austin A-110. (sale) - 1917. Q
90 8 Brooks........ Smith 6 | Pedro Elias Bean, 17 SW Tyler....... 195 220 5.5 1903 Salt exploration well hit salt - 1903, Salt produced from brine wells on dome 90 @
A-2. during Civil Wer, 0il wells, abamdoned. E.
91 43 Bryan Mound,,, | Brazoris 3| C. Arriola, A-141..1{ 16 S Angleton..... 630 1,112 1.5 1901 Several wells drilled salt - early 1900's. Brine productiom; sulfur operatioms 91 O
abandoned. i
92 7 Bullard....... Smith 6 | v. Moore, A-15..... 13 8 Tyler........ (7)) 527 3.0 1927 Gulf Production Co., Annie Morgam well 1 - 92 Mg
(salt) - 1927,
93 13 Butler... Freestone 5 | Simon Sanchez...... | 20 E Fairfleld.... [C9)] 312 1.5 - Llewellyn Gin well (salt) - 1918-22, LPG storage, rock quarry; oil well, 93 'C_)h
sbendoned.
94 15 Clay Creek,... | Washingtom 3| J. F. Perty.cesvsss 10 NKW Brenhsm.... 1,750 2,400 2.2 1926 Sun 0il Co., Grote well 2 (salt) - - w 1CY
1928-30. =p
95 45 Clemens....... | Brazoria 3 | John McNeel, A-92.. | 14 SW Angleton.... 530 1,380 1.9 1925 Shell 0il Co., Kropp well 1 (cap rock) - LPG storage. Gas well, shut inj sulfur 95 @
1926. operations abandomed, B
96 37 Damon Mound... | Brazoria 3| J. P, Mills........ | 24 NW Angleton....| Surface 529 4.3 1901 J. M. Guffey Petroleum Co., Herndon well 1 Sulfur operatioms abandoned. 96 |5
(salt) - 1901, 0
97 24 Davis Hill,.,. | Liberty 3 | J. D. Martinez.....{ 18 N Liberty... 800 1,200 5.5 1905 Drilling proved structure - 1905. 0il wells, abandoned, 97 |@
—
98 23 Dayton, North. | Liberty 3| H&TCRR, sec.119 | 12 NW Liberty..... 580 800 1.7 1901 Taylor~Dayton Co. well (salt) - - 98 |y
: about 1902.
99 33 Fannett....... Jefferson 3 | W. H. Smith, A-198. | 16 SW Besumont.... 741 2,200 1.0 1925 Gulf Production Co., Thomas well 1 Sulfur productive, LPG storage. 99 2
(cap roek) - 1925.
100 1 Grand Saline.. Yan Zandt 5 Samiel Bell, A-46.. | 10 NE Canton...... 188 212 7.6 1888 Grand Saline Salt Co., S. Q. Richardson Salt mine snd brine production. Brine 100 z
well 1 {salt) - 1888, springs used by Indians before 1845.
101 47 Gulfeeernann. . Matagorda 3 | Wm. Simpson, A-89.. | 18 SSE Bay City... 825 1,100 g 1901 W. Cash and W. T. Goode, Mayes well 1 Sulphur productive. 0il wells, abandoned.[ 101 &’r
(cap rock) - 1901-02, o
102 s1 | Gyp Hill...... | Brooks 4| GB&CNGRR, 2 SE Fslfurrias...| Surface 1,175 2.3 1911 Sun 0il Co., Mary Lasater well B-4 No oil production reported, 1366. Con- 102 [y
Blk. 331.. (oil) - 1946. densate reported from gas wells, e
103 2 Hainesville... | Wood 6 | Wesley Tolletr, 10 SSE Quitman.... @/ 1,555 8.3 1927 British American 0il Producing Co., LPG storage; reportedly largest interfor 103 P_’_‘
A-515. Wisenhunt well 1 (o0il) - 1956, Texas dome. 0il wells, abandoned. o
104 46 | Hawkinsville.. | Matagorda 3 | 1. Williems, A-107. | 19 ESE Bay City... 95 450 4.4 1925 Gulf Productiom Co., Craig well 1 (cap 0il wells, sbandomed. 104
rock) - 1925.
105 35 High Islamd... Galveston 3 Martin Dunman...... 36 NE Galveston... 150 1,300 2.1 1901 Chase and Newsome et al, drilled cap rock -~ - 105
1901.
106 17 | Hockley....... | Harris 3 | Thos. Coghill...... | 31 NW Houstom.. 74 1,000 5.9 1902 Patillo Higgins, John Warren well 2 (salt) ~ |Salt minme. 106
1906. i
107 41 Hoskins Mound, | Brazoria 3 | Henry Austin.......| 10 ENE Angletom... 574 1,150 .8 1904 Mound 0il Co., well drilled salt - Sulfur operations abandomed., 0il 107
1904-07. wells, abandomed,
108 29 Hull.......... | Liberty 3| J. Devore.......... | 10 NE Liberty..... 260 595 2.6 1908 Sun 0il Co, fee well 1 (salt) - 1908, LPG storage. 108
109 22 | Humble........ Harris 3| W. B, Adams........ 18 NNE Houston.... 700 1,200 9.8 1902 Beatty fee well 2 (cap rock) - 1905. - 109
110 11 Keechi,...... . Anderson 6| W. A, Cook, A-225,. | 6 NW Palestine.... (47) 1,361 1.2 1891 Producers Qil Co., Barrett and Greemwood Showings of oil in discovery well. 110
- well 1 (salt) - 1916.
111 30 | Liberty, South | Liberty 3| M. G. White, A-117. [ 3 S Liberty....... 275 480 5.4 1901 Liberty-Marble Falls 0il Co., Bullard-Wilsom - 111
fee well 3 (cap rock) - 1905.
112 36 Long Point.... Fort Bend 3| H& TCRR, sec. 66|15 S Richmond..... 550 930 2.8 1924 Gulf Productioem Co., Davis well 1 (cap rock) - |Sulfur productive, First salt dome dis- 112
1924, covered on coast by torsiem balance.
113 48 | Markham....,.. | Matagorda 3 | Wm. Hadden, A-194.. | 12 W Bay City.....| 1,380 1,417 L9 1908 Structure proved 1908 (17 wells drilled). LPG storage 113
114 32 | Moss Bluff.... | Liberty and 3 | J, McFadden, A-76.. | 10 SSE Liberty.... 591 1,160 11.2 1926 Uniggﬁslxlphur Co., Kyle well 1 (cap rock) - Sulfur productive, 114
Chembers .
115 4 | Mount Sylvan.. | Smith 6 | Philip Lively, 8 WNW Tyler.. &h 613 2.9 1927 Humble 0il & Refinimg Co., L. V. Reese well A-1 - 115
A-578. (salt) - 1931. 3
1/ Salt volume estimated from top of salt to a depth of 10,560 feet.
2/ Salt dome indicated by surface expression or geophysical test.
3/ Year first well penetrated salt, cap rock, or discovered oil or gas.
47 No cap rock reported or information not available.




Table A-3. Texas

onshore domes with depth to top of salt 3,000 feet or less (continued).

:POOM pU® SUINMeL]

S§92INO0S3Y ITes

Ref- Location Depth to | Depth to Salt Year 3/ Ref-

erence| Map County and Miles from cap rock, salt, volume first 2/ Discovery well and year— Remarks erence

No. index Dome district Survey county seat feet feet cu mi i/ known ~— No.

116 40 Nash.......... | Fort Bend 3 | H. N. Cleveland, 21 SSE Richmond.... 620 950 2.0 1924 Rycade Petroleum Co., Wisdom well Sulfur operations abandoned. First im- 116

and Brazoria 4-150. (cap rock) - 1924, portant oll discovery by geophysics.
117 14 Ogkwood....... Freestone and 5 | T. J. Teal, A~774..] 17 SE Fairfield.... 703 800 2.9 1927 Roxena Petroleum Corp., Marshall well 1 - 117
Leon (cap rock) - 1928,

118 18 Orchard..... .. { Fort Bend 3 | James Frazier......| 11 W Richmond...... 285 375 1.2 1924 Gulf 011 Corp., J. M. Moore well 1 (cap Sulfur productive, First salt dome on Gulf| 118
rock) - 1924, Coast discovered by seismic survey.

119 49 Palengana..... | Duval 4| GH&NRR, A-249,. | 11 SV San Diego.... 350 500 3.6 1916 Sincleir 01l & Gas Co., Schallert well 1 Brine production; sulfur operatioms aban~ 119
(salt) - 1917-18. doned. 0il wells, abandomed,

120 12 Palestine..... | Anderson 6 | Elias G. Myers, 6 SW Palestime..... 120 122 3.1 1890 Several wells drilled shallow rock salt - Salt produced from brime wells on dome 120

A~48, about 1900, during Civil War.

121 50 Piedras Pintaa | Duval 4 | A. J. Bryant....... 14 SSW San Diego... 385 1,350 2.6 1900 Producers 0il Co., Mabee well 1 (salt) - - 121
1904-05.

122 21 Pierce Junction| Harris 3 I&GNRR, A-933.,]4 S HOuStoNue.usses 630 950 1.3 1901 Patillo Higgins wells proved structure - LPG storage; brine production, 122
1902,

123 26 Saratoga.. ..| Hardin 31 J. F. Cotton,...... | 12 WSW Kountze.....| 1,500 1,900 2.1 1901 Structure proved early 1900's (cap rock). - 123

124 28 Sour Lake,.....| Hardin 3 ] S. Jackson, A-34...| 15 S Kountze....... 660 719 1.8 1901 Salt found in Davis and Gilbert wells about LPG storage; minor oil production before 124
1903, 1900, Firat Tex. oil refinery - 1896.

125 27 Spindletop.....| Jefferson 3| J. A. Veatch.. +. | 3 SE Beaumont...... 700 1,200 1.8 1890 Higgins Fuel & 0il Co. fee well 3 (salt) - Sulfur productive. First major oil pro- 125
1901-02, duction from a salt dome in Texas.

126 3 Steen......es0.| Smith 6 { M. Carmona, A-3.,..| 10 N TyleT..uouuusn 75 300 1.9 1874 Lestergett, Scott heirs wells (salt) - Salt produced from brine wells on dome 126
1902. during Civil War.

127 42 Stratton Ridge.| Brazoria 3| J. E. Groce... ..| 8 8 Angletem... 850 1,250 9.6 1913 J. Dannenbaum, Mrs. J, J, Stratton well LPG storage, brine production, 127
1 (cap rock) - 1913,

128 5 Tyler, East....| Smith 6 [ John Lucky, A~584..| 2 NE Tyler......... 800 890 4,3 1927 Humble 0il & Refining Co., Lassiter well 1 LPG storage, 128
(salt) - 1928,

129 39 West Columbia.,| Brazoria 3 | Tennille League....} L7 W Angletom...... 650 750 .8 1901 Exploration wells drilled cap rock ~ - 129
1902,

130 6 Whitehouse,,,..{ Smith 6 | Nancy Childs, A-209] 6 8 Tyler.....eu.n. 485 2,000 2.5 1927 Humble 0il & Refining Co., Van Hovenberg - 130
et al,, well 1-A (cap rock) - 1928,

1/ Salt volume estimated from top of aalt to a depth of 10,560 feet.

2/
3/

Salt dome indicated by surface expression or geophysical test.
Year first well penetrated salt, cap rock, or discovered oil or gas.
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Geology of Chemical Raw Materials

Gulf Coast region has increased substantially in
recent years. Statistics pertaining to salt in
storage or stock on hand are not assembled; thus,
statistics of salt used or sold by producers have
been used to indicate produced volumes. Because

salt production was used for chemical feedstock.
About 40 percent was used as a raw material for
the manufacture of chlorine gas and the coproduct
caustic soda(sodiumhydroxide). The manufacture
of soda ash (sodium carbonate) by the Solvay pro-

20

¢,

Hn

o

SALT SOLD OR USED BY PRODUCER, million tons

(&)

FIG. 4. Gulf Coast salt production,

of the difficulty and the expense of salt storage,
salt stocks are small when compared to total pro-
duced volumes. Also, many chemical companies
(the largest consumers of salt) produce their own
supply and can alter production rates to conform
to changing requirements.

There are more than 34 major chemical
derivatives of salt, and the estimated number of
uses for these derivatives exceeds 14,000 (Watt,
1962). Nation-wide, about 66 percent of the 1966

e A e T
1960 1965 1970

1950-66.

cess consumed about 18 percent of the U. S salt
production.

End-use consumption pattern in the Gulf
Coast differed somewhat from the U. S pattern.
Almost 83 percent of the Gulf Coast consumption
was used for chemical feedstock. About 65 per-
cent was used in the manufacture of chlorine,
13 percent for sodaash manufacturing, and 5 per-
cent for making other chemicals and soap. Less
than 5 percent of the Gulf Coast region salt end
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use was for snow and ice removal and roadbed
stabilization, as compared with 11. 5 percent of
the U. S total for the same purposes. Industrial
use, including water-softener manufacturers and
service companies, consumed about 3 percent of
the Gulf Coast salt production, whereas food pro-
cessing, agriculture, and home uses consumed
about 2 percent each.

ECONOMIC IMPORTANCE OF SALT DEPOSITS

During the 106 years since discovery of the
Avery Island Dome (1862), more than 330 salt
domes have been proved in the Gulf Coast region
of Texas, Louisiana, Mississippi, Alabama, and
adjacent tidelands. These salt domes and rel ated
geologic structures have been of great economic
importance, having provided a significant part of
this Nation’s salt, elemental sulfur, and petrole-
um. For example, in 1966 production from these
domes amounted to about 45 percent of the salt,
85 percent of the elemental sulfur, and about 12
percent of the total crude oil produced in the
United States. The economic importance of salt
deposits is further emphasized in that about 57
percent of the underground liquid hydrocarbon
storage capacity is in Gulf Coast salt domes.

Although the importance of rock salt de-
posits in the Gulf Coast region has been recog-
nized for many years, substantial growth in salt

production has occurred in comparatively recent
years. Louisiana and Texas replaced Michigan
and New Y ork astheleading salt-producing States
in 1959. Sdt produced in the Gulf Coast region
from 1957 to 1966 is listed in table 2. During
the decade ending January 1, 1967, annual salt
production in the Gulf Coast region increased
from 8. 2 million tons having an estimated value
of $36.5 million in 1957 to 16.6 million tons hav-
ing an estimated value of $78. 7 million in 1966.
Gulf Coast salt production was 34. 3 percent of
the U. S production of 23. 9 million tonsin 1957
and 45.7 percent of the U. S production of 36. 5
million tons in 1966. For 1957 and 1966 the world
production of saltwas respectively 77.4 and 122.8
million tons. The portion of world salt produced
in the Gulf Coast region increased from 10.6 per-
cent in 1957 to 13. 5 percent in 1966.

The market value of 1966 salt production in
Louisiana was second only to sulfur in nonfuel
mineral production, andin Texasthe market value
of produced salt ranked fifth in nonfuel mineral
production. Because of increasing demands for
brine as afeedstock for the chemical industry,
principally the manufacture of chlorine gas and
the coproduct caustic soda, the recovery of salt
by solution-mining methods in 1966 was almost
double the 1957 amount. The economic impor-
tance of salt production is expected to increase
astechnol ogical advances in chemical derivatives
are developed.

Table 2. Sat produced in the Gulf Coast region, thousand short tons.
Value,
Year Evaporated Mined rock salt In brine Total millions
1950 161 1,032 2,937 4,130 $ 9.8
1951 207 1,168 3,764 5,139 11,7
1952 210 1,125 3,881 5,216 12.2
1953 233 1,094 4,652 5,979 14.3
1954 233 1,231 4,566 6,030 20.5
1955 227 1,455 5,541 7,223 28.5
1956 235 1,552 5,960 7,747 32.3
1957 255 1,556 6,406 8,217 36.5
1958 248 1,557 5,636 7,441 34,6
1959 272 1,852 7,366 9,490 39.0
1960 294 2,002 7,419 9,715 40,8
1961 298 2,036 7,236 9,570 41,3
1962 338 2,267 8,342 10,947 47.2
1963 356 2,589 9,381 12,326 53.3
1964 358 2,799 9,833 12,990 65.4
1965 365 3,289 11,620 15,274 73.3
1966 387 3,768 12,493 16,648 78.7
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Industrial growth in the Gulf Coast region
has been accompanied by increasing demands for
salt. Because of the wide variety of usages,
abundance of supply, and intense competition of
producers, pricesfor salt have remained rela-
tively stable. The average price of salt produced
in the Gulf Coast region was $4.44 per ton in 1957
as compared with $4.73 per ton in 1966. Recent
prices per ton reported to the Bureau of Mines
ranged from $23.77 to $28.67 for evaporated

salt, from $5. 62 to $13. 72 for rock salt, and the
average price for brine was $3. 65 per ton. Be-
cause of the bulkiness of rock salt and the fact
that it is necessary to transport about 3 tons of
water for 1 ton of saltinbrine, the costsof trans-
portation and distribution become significant in
determining the extent of marketing areas.

Salt recovery operations (Fig. 3) are princi-
pally in the areas of nearby industrial complexes
and in areas accessible to water transportation

Table 3. Summary of LPG storage operations on Gulf Coast salt domes, 1967.

County or J ICapncity
Number, Dome parish Company Address (M bbl) Materials stored
TEXAS
1 Barbers Hill,.... Chambers. ,,. Humble Pipe Line CoO.evvvevevnnvrvens Box 2180, Houston, TeX.......s., 1,400 Ethylene.
vendoens eendoLane eerdOL ittt . eeedOuiiieiiiiisieiiiaan . 900 Isobutane.
«e.do ceres coedoo. Sinclair Petrochemical Co . Petroleum Bldg,, Houston, Tex,., 2,500 NGL.
«vado eoedol,, P L T e P L 650 Ethylene,
...do ...do,. Tenneco Chemical Co,evvvrereeirvessn Tennessee Bldg., Houston, Tex... 4,171 Butane-propane,
«eodo +..do,. Texas Eastern Transmission Corp..... Box 1189, Houston, TeX..,..... 9,137 Do.
PP (- PR, veedo, .. Warren Petroleum COrp.....vv.s Box 14121, Houston, Tex, 12,344 NGL,
2 Big Hill,... Jefferson, Union 0il Co, of California.., Box 2107, Fort Worth, Tex 314 Butane.
PP [ N veodoaa.., P T T F N 326 Propane,
3 Blue Ridge....... Fort Bend... | Tuloma Gas Products Co. (Subsidiary Americana Bldg,, Houstom, Tex... 300 Do.
of Standard 011 Co. of Indiana).
4 Butler,.oeeseonen Freestone... Northern Propane Gas Co, (United Box 600, Corsicana, TeX......... 400 Do.
Transport and Storage Div.).
cendo,Laal. O - Y L T T T PPN 175 Butane-propane mix.
5 Brazoria,, Phillips Petroleum Co.... Bartlesville, Okla...... . 7,400 Light hydrocarbons.
6 Madison.,. Union 0il Co, of Californis Box 2107, Fort Worth, Tex.. . 150 Propsnel/ -
7 Jefferson, Gulf Oil COrpPivoverensasons Box 14121, Houston, Tex...... 650 LPG,
8 Hainesville, Wood,yiuunss Enterprise Petroleum Gas Co Haineaville, TeX.ivevisaerorovas 600 Propane.
verdOiiiiiaiass eendosiaae | oseadon,. crererrsecsieriranenee R L T R RPN veeas 400 Butane.
9 Hulliooovvonnnnns Liberty,.,.. | Mobil 0il Co, (Div. of Socony Mobil Box 177, Houstom, TeX......veses 759 Propane.
011 Co.).
PR - TN eendoaay,. veedo,,, vesdoaiaia, . 1,071 Butane.
veudou,,. veedog,,,, veado,,, «..do, 743 laobutsne,
...do, voudo,, cendog, Ll veodo, 310 LPG.
cesdo, s P [ eoedoL.. esodoa., 238 Propylene.
Y U P caedoL,iaia. voudo.,, +..do, .en cerennee 754 Ethylene,
10 Markham...eoveuns Matagorda., . Seadrift Pipeline Corp. Bank of Southwest Bldg., 500 LPG.
Carbide Co.). Houston, Tex.
PR (T eeedoiiiie P T R [« PN 1,500 Do,
ceedol.., R 1 P fen . ...do. 700 Ethylene.
11 Pierce Junction., Wanda Petroleum, InC....... e Melrose Bldg., Houston, Tex 1,000 Propane,
eandOiiiiiiiiany eeedOiiiiiiasiiiinaas ceee veedOuitiiiiiiiirranirenans .. 3,000 Butane,
12 Sour Lake... . Texaco, Inc... e Box 2332, Housten, Tex..... 833 Do.
13 Stratton Ridge... Brazoria,, Dow Chemical Co. ciee Drawer K, Freeport, Tex., 1,000 Olefins, LPG.
14 | Tyler, East.,.... Smith.....,.. | Texaa Eastman CO.,...euvcesrvveosres Longview, TeX.viveesoscenrsvosse 2,400 Ethylene, propene,
propylene,
LOUISIANA
15 Anse la Butte..,. St. Martin,. | Union Texes Petroleum Co, {Div, of Saratoga Bldg., New Orleans, La. 1,000 Butane.
Allied Chemical Corp.).
veedOiiiiiieinian eendoLie P Y P L P S P 1,000 Propane.

eendo, s ceee vo.do.. vendoa,

«..do .. veedo, ., Wanda Petroleum, Inc..... cren
«vodo eoodol,, P L T cane
P A eoodoa., F S L P )

16 Arcadig..seserene Bienville,,. | Tuloma Gas Products Co. (Subsidiary
of Standard 01l Co. of Indiana).

. veedoLiaiL,, Warren Petroleum COTP....icvavuncren
17 Bayou Choctaw Iberville.,. Dow Chemical Co...vvevv..
18 Gibeland....... Blenville... Hercules Petroleum Corp.
19 Hackberry, East,, Cameron,.,.. Cities Service 0il COuvvvnnnrans

enedogiaean,

eeddoL il veedosaaaal,

. 100 Gasoline.
800 Propsne.
500 Butane.
80Q Iscbutane,

500 Butane-propane,

cesdon, .,
Melrose Bldg,, Houston, Tex
PPN [ P

e d@0iiiiiiieieaiaranien

Highway 80, Arcadia, La.

Box 1590, New Orleans, La....... 450 LPG.
Midland, Mich. (Home office). 600 Ethylene-LPG.
Gibgland, La.. 480 Propane.

Cities Service Bldg., 690 Butemne.
Bsrtlesville, Okla.
B L 680 Isobutane.

veedoo.. . Y. [ P . . coodose, cenen 920 Propane.

20 Pine Prairie, Evengeline.. Continental 0il Co..... . Box 2197, ouston, Tex.. 930 Do,

21 Port Barre... . St. Landry,, | Warren Petroleum Corp.... . Box 14121, Houston, Tex. 153 reel/,

22 Sorrento. ieesss Ascension,,. Humble 0il amd Refining Co.... . Box 988, Bator Rouge, La. 1,100 Butane.
co.dde ees ...do,, . «.odo, . veedOiiiiiiinines ‘es 450 Isobutane,
eoado,. . coodol,, . ceidoaa,, . ceedOiaeniiini ver . 870 Propane.
voodo,, . voodoa . veldoayaen . ceedOuiainiiriaanns 1,000 Ethylene,
...dé . ...do,. .| shell 0il co . Box 127, Metalrie, La...... 550 | Butame.
...db . eeodo., . Texaco, Inc . P. 0. Box 2332, Houston, Tex 400 Propane.
veedo., . ceddoliia, PRS- PO . B L 350 Butane.
PR [ N veedoiiin,. B L R R R R PR TR P« L R 200 Refinery

intermediates,

23 Sulphur Mines Calcasieu... Runnels Gas Products Corp,. . Basile, Laiiicoansrasn 1,150 Ethylene,

24 Venice.,.... Plaquemines, | Getty 01l CO.vevvavneonsnnns . Box 1404, Houstonm, Tex.. 228 Butane~propane,
003800 c0rionianas 000800 00ens, | Gulf 041 COrPovcsvvoncsoosnosasonese Box 14121, Houston, TeX.....ss.s 2,500 NGL.

MISSISSIPPI
25 Petal,i vevsesosn Forrest,,..,. | Mobil 0il Co, (Div, of Socony Box 177, Houstom, T@X.sioeoasess 1,012 Propane.
Mobil 01l Co.).
PPN - P veedOiaaes Shell OL1 COuvvunrvscnsuoccannnsnons Box 127, Metairie, La....couvavns 1,800 Do.
eeidoeaae ve.do,, . . Union Texas Petroleum Co. (Div. of 811 Rusk Ave,, Houston, Tex..... 500 Do.
Allied Chemical Corp.).
resdOiiiiinnianns PR L R BT L PR PR IERT L T F TR YRR 600 Butane,
eeed0,iiiienenen ve0d0syiu... | Warren Petroleum COrPoieococvsversooss Box 1269, Petroleum Bldg., 2,000 LPG.

Jackson, Miss.

1/ Storage operations are inactive,
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facilities. Normally, transportation by water is
less expensive than by rail or truck; therefore,
larger distribution areas can be serviced com-
petitively.

For Federal tax purposes there is a 10 per-
cent depletion allowance permitted for salt. The
Tariff Classification Act that became effective on
August 31, 1963, set the duty on U. S salt im-
ports as follows: Brine, 10 percent ad valorem;
bulk, $0.017 per 100 pounds; and other (packaged),
$0. 035 per 100 pounds. As aresult of the tariff
rates established by the Kennedy Round Trade
Agreement, tariffs have been lowered on salt
imports. Effective January 1, 1968, tariff rates
became: Brine, 9 percent ad valorem; bulk,
$0.015 per 100 pounds; and other (packaged),
$0.025 per 100 pounds. Largest salt imports are
from Canada ($1.3 million tons in 1966). About
half of the import from Canada is brine received
through the Michigan customs district.

The use of cavities created in salt domes for
underground L PG storage hasincreased substanti-
ally in the number of projects and the volume of
storage. From inception of underground storage
operations in 1951, storage capacity increased to
about 2 million barrels in 1954 and to approxi-
mately 98 million barrels in 1964 (Bizal, 1963).
By the end of 1967 the U. S underground storage
capacity had increased to 141 million barrels,
about two-thirds of which was in the Gulf Coast
States. Texas with 73.9 million barrels ranked
first, . and Louisiana with 18. 8 million barrels
ranked third (Kennedy, 1967). About 80 million
barrels, or approximately 57 percent, of theU. S
underground storage capacity was in the Gulf
Coast salt domes. It is estimated that above-
ground steel storage capacity of 80 millionbarrels
could have cost as much as $2 billion, as com-
pared with a cost of less than $25 million for the
present underground storage capacity. Figure 5
shows the location of domes having LPG storage
operations. Table3 is a listing of domes, opera-
tors, and underground storage capacity in the
Gulf Coast region.

Two of the largest underground storage
operations are being conducted a the Barbers
Hill salt dome in Chambers County, Texas.
Capacity of thesetwo storage complexesis equiva-
lent to one-seventh of total underground liquid
hydrocarbon storage in the United States.

Changes in production and consumption rates
have alleviated the need for underground LPG
storage in some areas. As a consequence, stor-
age facilities for the Day Dome in Texas and the
Port Barre Dome in Louisiana are not being used.

Underground storage of liquid hydrocarbons
in salt layers has also been satisfactory. In the
Panhandle area and West Texas there are 60
active storage operations in underground salt

layers in 19 counties. Storage capacity in salt-
layer operations at the end of 1967 was about 17.3
million barrels, or amost one-fourth of the en-
tire underground LPG storage capacity in the
State. Becausethe storage cavities in salt layers
are usually smaller than in domes, the average
cost per barrel of storage in layers is consider-
ably higher than in domes.

OUTLOOK

The growth rate of salt production in the
United States from 23.9 million short tons in 1957
to 36.5 million tons in 1966 averaged 4.8 percent
per year and was slightly higher than the growth
rate of the gross national product. For the last
half of the decade (1962-66) the growth rate was
6. 2 percent which, projected to 1980, indicates
U. S production in that year of approximately 75
million tons. Comparable salt production in the
Gulf Coast States should amount to 50 million
tons.

Before 1955 the manufacture of soda ash
(sodium carbonate, Na,CO3) by the Solvay pro-
cesswastheprincipal use for salt(Kerns, 1965).
Recent increases in the demand for chlorine (8.6
million tons in 1957 to 15.4 million tons in 1966)
has increased chlorine-caustic manufacture 6.8
percent per year. The largest percentage growth
in salt use (11.8 percent per year) was for snow
and ice removal.
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PHOSPHATE IN THE ATLANTIC AND GULF COASTAL PLAINS*

James B. Cathcart
U. S Geological Survey
Denver, Colorado

ABSTRACT

Phosphate pellets are widespread in marine sedimentary rocks of Cretaceous to
Holocene age on the Coastal Plains of the Eastern and Southern United States. Eco-
nomic deposits of phosphorite are confined to the Atlantic Coastal Plain, and are
known only in rocks of middle Miocene age or in younger rocks that derived much or
all of their phosphate from middle Miocene rocks.

In the Atlantic Coastal Plain, phosphate pellets are particularly widespread from
North Carolinato the southerntip of Florida in rocks of middle Miocene age, although
some pellets are found in rocks of Cretaceous to Holocene age. In the Gulf Coastal
Plain, phosphate is widespread only in rocks of Cretaceous and Paleocene age.
Y ounger rocks contain phosphate pellets only at a few localities where they were
probably reworked from older rocks.

Economic phosphorite deposits are in part structurally controlled. All arein
basins on the flanks of positive areas that were rising at thetime of phosphate depo-
sition; all are on the north or east sides of the positive areas, except for those of the
land-pebble district of south Florida; all are in positions that suggest that phosphorus
could have been supplied by cool, southward-moving near-shore ocean currents.
Phosphate was precipitated in the basins when cool water, diverted by the positive
areas, was turbulently mixed with warm waters of the Florida Current and the Gulf
Stream. The scarcity of phosphate in Tertiary rocks of the Gulf Coast is probably
due to the position of the Floridian Plateau, which diverted currents away from the
Caribbean and the Gulf Coast.

Economic deposits of North Carolina, South Carolina, South Georgia—North
Florida, and the central peninsula of Florida are similar in gross features. They
are weakly consolidated, sedimentary rocks consisting of quartz and phosphate sand,
clay, and in minor amounts, limestoneand dolomite. The primary phosphate mineral
in all of the deposits is a carbonatefluorapatite. Differences inthe economic deposits
include variation in chemical composition, size distribution of phosphate particles,
clay mineralogy, the amount and intensity of leaching, and the formation of aluminum
phosphate minerals. Differences seem to vary systematically from north to south.

Reserves are measured in billions of tons of recoverable phosphate particles
containing a minimum of 30 percent P>Os. Resources of phosphate not minable under
present conditions (particularly in the phosphatic limestone of the Hawthorn Forma-
tion) have not been measured, but they arelikely to amount to scores of billions of tons.

INTRODUCTION

Phosphate pellets are widespread in rocks
of all geologic periods from Cretaceous to Qua-
ternary in the Atlantic and Gulf Coastal Plains of
the Eastern and Southern United States, but eco-
nomic or potentially economic phosphate deposits
are known only in the Atlantic Coastal Plain in
rocks of middle Miocene age or in younger rocks
in which much or all of the phosphate was derived
from middle Miocene rocks.

The Atlantic Coastal Plain consists of land
between the Atlantic Ocean and the crystalline

Publication authorized by the Director, U. S

Geological Survey.

rocks of the Appalachians and extends from Long
Island, New Y ork, to the southern tip of Florida.
For the purposes of this report, all of Peninsular
Florida is considered to be a part of the Atlantic
Coastal Plain. The Gulf Coastal Plain extends
from the panhandle of Florida to Mexico (Fig. 1),
and is generally much wider than the Atlantic
Coastal Plain.

GENERAL GEOLOGY OF THE COASTALPLAINS

The Atlantic and Gulf Coastal Plains are
underlain by sedimentary rocks of Cretaceous to
Holocene age that generally dip very gently sea-
ward. Cretaceous rocks crop out at the landward
edge of the Coastal Plains except where they are
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covered by Quaternary deposits inthe Mississippi
Embayment. Rocks of Cretaceous age are covered
seaward by successive sequences of rocks of
Tertiary and Quaternary age. In general, rocks
of each age group contain coarse clastic sedi-
mentary rocks at the landward edge that in turn
give way to finer grained rocks and finally to
chemical sediments of carbonate and evaporite in
their seaward extension. The Tertiary and Qua-
ternary sediments of the Central Gulf Coastal
Plain form a seaward-thickening sedimentary

sequence composed largely of deltaic deposits in
the Gulf Coast geosyncline (Murray, 1947).

Sedimentary rocks of much of the Coastal
Plain are unconsolidated or poorly consolidated,
outcrops are poor, and a cover of Pleistocene
and Holocene deposits obscures many of the
older geologicfeatures. The gentle seaward dips
are interrupted by broad, gentle anticlinal or
synclinal folds that have northeast or northwest
trends (Fig. 1).

Table 1. Known occurrence of phosphate. Gulf and Atlantic Coastal Plains.

Age

State

Stratigraphic unit

Lithology

on_r, content (percent)

References

Holocene and

Florida, Georgia,

Bars, floodplains along

Sand of quartz grains and

Phosphate pellets

Manafield (1942)

Pleistocene South Carolina modern rivers phosphate pellets.l/ 25 Rogers (1914}
Pileistocene South Carolina Ladson Formation Clay, quartz sand,l/ Phosphate pellets Malde (1959)
phosphate pellets 21-29
Pliocene Florida Bone Valley Formation Clay, sand, phosphafe Phosphate grains Cathcart (1963a)
pellets and nodules= 30-38
North Florida Unnamed do. 1/ Phosphate pellets Olson (1966)
South Georgia 20-35
Miocene Florida, Georgia, Hawthorn Formation Clay, sand, calcite, Phosphate pellets in Olson (1966)
South Carolira dolomite, phosphate weathered rock, Sever et al. (1967)
25-35; in fresh rock, Heron and Johnson (1966)
15-25 Cathcart {1963b)
North Carolina Yorktown Formation Clay, sand, limestone, Phosphate pellets Brown {1958)
some phosphate pellets 30t Kimrey {1965)
and granules— Gibson (1967)
Rooney and Kerr (1967)
North Carolina Pungo River Formation Phosphate pellets, sand, Phosphate pellets do.
dolomite, clay_l 31
Florida Tampa Formation Limestone, clay, sand, Phosphate pellets Sever et al. (1967)
Georgia some phosphate pellets 10-20 Carr and Alverson {1959)
Whole rock
2-4
Oligocene South Carolina Cooper Marl Marl, minor phosphate Phosphate pellets Malde (1959)
pellets 10-20
Whole rock
2-9
Eocene North Carolina Castle Hayne Limestone Limestone, some phos- Phosphate pellets Dabney (1885)

phate pellets and granules

30
Whole rock, 6-7

Georgia Tallahatta Formation Quartz sand, som No data Owen (1963)
phosphate grains=
Alabama Claiborne Group Phosphatic shell marl Phosphate pellets Smith (1892)
20
Paleocene Texas Midway Group Phosphate pellets in Phosphate pellets Weaver et al. (1963)
greensands and marls 20
Matrix, 1-2
Maryland Brightseat Formation Phogphate pellets in No data Adams et al, (1961)
calcareous sand=
Cretaceous Alabama Prairie Bluff Formation Phosphate pellets in Phosphate pellets Smith (1892)
Mississippi of Selma Group and chalk 30 McCallie (1896)
Georgia equivalents Matrix, 2-4 Monroe {1941)
Stephenson and Monroe (1940)
Texas Eagle Ford Formation Phosphate conglomerate Phosphate, 24 Weaver et al. (1963}

at base of shalel

Whole rock, 5-10

v/

Reworked, at least in part, from older rocks.
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Stratigraphy

A complete discussion of the stratigraphy of
the Coastal Plains is beyond the scope of this
paper, but summary data on al known occur-
rences of phosphate pellets in sedimentary rocks
of the Coastal Plains are given in table 1, which
lists the formations, by age and State, in which
phosphate occurs. Formations that contain phos-
phate are either quartzose or calcareous. The
quartzose phosphate deposits are, at least in
part, reworked, but the calcareous ones may be
primary.

Phosphatic sedimentary rocks in the Gulf
Coast are confined to the Paleocene and the
Cretaceous, and generally are associated with
marls or glauconitic sediments, although some

tiary age on the Gulf Coast; known occurrences
of phosphate are restricted to scarce pellets
found at a few outcrops. A survey of the litera-
ture indicates that there is little or no phosphate
in rocks of Eocene to Pleistocene age in the Gulf
Coast.

North Carolina

The phosphate deposits of North Carolina are
in Beaufort County, where phosphorite (table 2)
is found only in the subsurface in the Pungo River
Formation (Kimrey, 1965). Brown (1958) tenta-
tively assigned a middle Miocene age to the phos-
phorite on the basis of fossils found in the upper
part of the formation, but pointed out that the
lower part, which does not contain recognizable

are lag gravels at unconformities (Stephenson, fossils,mightbbeol derthan M i ocene, and perhaps

1929; Weaver and others, 1963). No commercial
deposits of phosphate are known in rocks of Ter-

Table 2.

as old as Olig

ocene.

Gibson (1967),

in a more

detail edstudy of thefossilsi ntheformation,con-

Generalized stratigraphy of phosphorite deposits of Tertiary and Quaternary age,

Atlantic Coastal Plain.

SOUTH CAROLINA|SOUTH CAROLINA| SOUTH GEORGIA
NORTHCAROLINA SOUTH FLORIDA
Charleston Area Beaufort County | NORTH FLORIDA
Surficial sand
Holocene and and
Surficial sand . Surficial sand Surficial sand Surficial sand
Plei Ladson Formation
leistocene (phosphorite)
o / / / Unnamed unit B];)ne Va:}ley
10cene h h t ormation
(phosphorite) (phosphorite)
Yorktown 7 %
Upper Formation
(trace phosphorite)
Pl;mgo River Hawthorn Hawthorn FI:Iawth?_rn
Mi Middl ormation s . ormation
locene lddle (phosphorite) Formatm'n Formatm.n (phosphate pellets
% (phosphorite) (phosphorite) abundant)
Lower / / Tampa Formation | Tampa Formation
(trace phosphate) (trace phosphate)
Oligocene Cooper Marl Suwanee Limestone| Suwanee Limestone
(trace phosphate)
Upper /% Jackson, // A Ocala Limestone | Ocala Limestone
Eocene Castle Hayne Claiborne, and 5 s of
Y : Avon Park Rocks o
5 1, t Wilcox Groups s
Middle (traczn;%i;’;fate) Santee Limestone Limestone Claiborne age
Olson (1966)
. Heron and Johnson| Sever, Cathcart,
References Gibson (1967) Malde (1959) (1966) and Patterson Cathcart (1963a, b)
(1967)
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firmed the middle Miocene age of the top of the
formation, and pointed out that the lower part
contained only molluscan molds and phosphatized
foraminiferathat have greater affinities to Oligo-
cene than to Miocene species.

ThePungo River Formation consists of sand,
silt, clay, diatomaceous clay, dolomite, and in
thetop part of the formation, limestone and shell
“hash” beds. Although phosphate particles occur
in al the lithologic units, they are abundant only
in the more sandy beds. The amount of recover-
able phosphate ranges from about 2 percent in
some of the clay and dolomite beds to 60 percent
in some of the sandy beds.

The formation, which thickens eastward,
ranges in thickness from O to about 200 feet. The
thickening isdueto the intercalation in a seaward
direction of beds of dolomite and clay. Thus, in
a drill hole close to the western margin of the
basin, the Pungo River Formation is about 25 feet
thick, and consists of a single bed of phosphate
and quartz sand, while seaward at the eastern
edge of the basin the formation is about 175 feet
thick and consists of 5 beds of phosphorite sand,
separated by 6 beds of relatively barren clay and
dolomite. Individual beds cannot be traced be-
tween drill holes that are spaced 2 to 5 miles
apart, but the formation can be divided into an
upper unit consisting of limestone and shell hash
in a distinctively chartreuse clay that Gibson
(1967) callsthebioclastic carbonatebed, a middle
unit that contains abundant phosphate, and a lower
unit that contains only minor phosphate.

The Pungo River Formation unconformably
overlies the Castle Hayne Limestone of Eocene
age and is unconformably overlain by the York-
town Formation of late Miocene age.

The surfaceismantled by deposits of Pleisto-
cene age (Gibson, 1967).

South Carolina

Thephosphatedeposit of the Charleston area,
South Carolina, is at the base of the Ladson For-
mation of Pleistocene age (Malde, 1959), which
rests unconformably onthe Cooper Marl of Oligo-
cene age (table 2). This is the so-called land
rock. The river rock (phosphate concentrated
as bars along the modern streams) is Holocene
(Malde, 1959). The phosphate member of the
Ladson Formation consists of gravel, sand and
clay. The gravel is composed of irregular pieces
of phosphate rock, rounded pebbles of phosphate,
internal phosphatized fossil molds, partly phos-
phatized shell material, bones and fish teeth, and
quartz grains. According to Malde (1959), the
phosphate is reworked and phosphatized Cooper
Marl. Malde did not propose any source for the
solutions that phosphatized the Cooper Marl. The
Hawthorn Formation of early and middle Miocene
age contains abundant phosphate, and is present

south of the Charleston area(Heron and Johnson,
1966). Malde said (1959, p. 28) “... it appears
that the Hawthorn Formation in the Charleston
area has been removed by erosion.” The source
of the P,Os that phosphatized the upper part of
the Cooper Marl probably was phosphate pellets
in the Hawthorn Formation.

The phosphate deposit of Beaufort County,
South Carolina, is in the Hawthorn Formation
(table 2), which is underlain by the Santee Lime-
stone of Eocene age and overlain by surficial
materials of Pleistocene age (Heron and Johnson,
1966). The phosphate occurs in sand or clayey
sand and is in two beds, an upper bed that aver-
ages about 5 feet in thickness, and a lower bed
that averages about 15 feet in thickness. The
lower phosphate bed, at the base of the forma-
tion, rests directly on the Santee Limestone and
is separated from the upper bed by 25 to 60 feet
of green clayey sand, sandy clay, and thin beds
of limestone. The upper bed is overlain by as
much as 35 feet of overburden which consists of
nonphosphatic beds of the Hawthorn Formation
and surficial material of Pleistocene age.

North Florida—South Georgia

Phosphate deposits of the north Florida—
south Georgia field are in the Hawthorn Forma-
tion and in rocks of Pliocene age (table 2). Ac-
cording to Olson (1966, p. 79), the phosphate
deposit at the mine of the Occidental Corpora-
tion of Florida is Pliocene in age, but the phos-
phate probably was reworked from beds of Haw-
thorn age. Much of the phosphate in this area,
however, is in the Hawthorn Formation (Sever,
Cathcart, and Patterson, 1967).

Land-pebble district, Florida

The phosphate deposit of the land-pebble
district of Florida is in the Bone Valley and
Hawthorn Formations (Cathcart, 1963a, b;
Altschuler, Cathcart, and Young, 1964).

TheHawthorn Formation of early and middle
Miocene age consists of i nterbedded and lenticul ar
limestone and dolomite, sand, clayey sand, and
clay, all containing phosphate pellets. TheHaw-
thorn exposed in the mining pits is a soft, buff to
yellow, sandy phosphate-bearing dolomite and
dolomitic limestone.

The Bone Valley Formation of Pliocene age
consists of two units. A lower unit 0-80 feet
thick is composed of interbedded and lenticular
sand, clay, and clayey sand, all of which con-
tain abundant phosphate particles. An upper unit
0-70 feet thick is composed of clayey sand and
sandy clay that contains only afew phosphate
pellets, mostly concentrated in the basal part of
the unit.

The surface is blanketed by loose sand that
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_ FIG. 1. Sketch map of southeastern United States, showing structure of the Coastal
Plain, phosphorite deposits of Tertiary and Quaternary age, and paleocurrents.
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contains afew vertebrate fossils of Pleistocene
age, and wind-blown sand and swamp deposits of
Holocene age.

Structure

Structurally, the Coastal Plain is charac-
terized by beds tilted seaward a such low angles
that the dips are expressed infeet per mile. The
general seaward dip of the rocks on the Atlantic
Coastal Plain is interrupted by a series of very
gentle anticlines and synclines that strike north-
west or northeast, except in the northern part of
the areawherethe strike gradual ly becomes more
nearly east (Fig. 1).

Phosphate deposits are related to structures
in the Coastal Plain (Cathcart and Osterwald,
1954). Each deposit is in a basin on the flank of
an anticline that was rising a the time of phos-
phate deposition. The Pungo River Formation of
North Carolina was deposited in a broad shallow
bay or basin on the north flank of a rising posi-
tive areathat is just tothe north of the Cape Fear
arch. The basin was open to the sea on the east
or northeast. The phosphate deposit in Beaufort
County, South Caroling, is inthe Ridgeland Basin,
which probably was open to the sea on the north-
east, and is on the flank of the Beaufort high
(Heron and Johnson, 1966). Phosphate deposits
of the south Georgia—north Florida field are in
basins on the east flank of the Barwick arch and
the north flank of the Ocala uplift. The basins
were open to the sea to the north and east. The
phosphate deposits of the land-pebble district of
Florida are on the flanks of the Ocala uplift and
the Hillsborough high (Cathcart, 1963b).

PHOSPHORITE

Phosphorite deposits consist of an uncon-
solidated mixture of phosphate pellets, quartz
grains, some clay, and minor amounts of lime-
stone and dolomite.

The phosphate pellets are similar in all of
the deposits even though there are many forms
and sizes of the particles. The forms are phos-
phatized rock fragments, mostly limestone; in-
ternal phosphati zed molds of gastropodsand
pelecypods; phosphatized sharks' teeth; phos-
phatized fish bones and teeth; other phosphatized
bone material, such as the phosphatized manatee
bones so abundant in the land-pebble deposits of
Florida; rod-shaped grains that may be fecal
pellets; phosphatized shell material, forami-
niferal in some areas; and rounded ovoid pellets
that appear to haveformed by precipitation around
anucleus. A few of these particles are oolitic;
most, however, have only an outer rim of a color
that contrastswith that of thedense, structureless

interior. Flattened but rounded ovoid pellets
(“button shaped”) are common in deposits of the
land-pebbl e district.

The phosphate particles are black, brown,
tan, red, green, gray, and white, and all inter-
mediate shades. Some characteristic color differ-
ences are noted fromnorth to south. Phosphatein
North Carolina generally is dark brown to black;
in South Carolina it is brown; in south Georgia it
is light brown, gray, and white. Phosphate from
the land-pebble district of Florida generally is
varicolored. The phosphate from mines on the
ridge tends to be dark, but that from the mines
of the lower flatwoods and adjacent to the rivers
tends to be light. White phosphate pellets are
much more common in the southern than the
northern areas of the Coastal Plain.

The dark phosphate particles so character-
istic of the North Carolina deposit contain abun-
dant organic matter. Dark particles from deposits
in other States do not contain substantial amounts
of organic matter; their dark color is caused by
disseminated fine particles of pyrite or marca-
site.

Many of the phosphate pellets are reworked;
the pellets are broken and rerounded and have
overgrowth rims of later phosphate. Compound
pebbles showing several generations of phosphate
are especially common in the land-pebble de-
posits of Florida (Altschuler, Cathcart, and
Young, 1964).

Most of the particles are highly polished and
well rounded, although normally not spherical
except in the deposits of the Pungo River Forma-
tion in North Carolina. Particles with dull luster
generally are in the weathered zones near the
surface of the deposits and have been bleached
and altered by solution. White color or dull luster
alone, however, is not evidence of weathering
and alteration.

Phosphate pellets generally range in diameter
from less than 0. 1 mm to several centimeters;
some phosphate boulders as large as 30 cm in
diameter have been found in Florida and South
Carolina.

Mineral ogy

The phosphate mineral of all of the deposits
is a carbonate fluorapatite that has the formula
Cayo (PO,, CO3)sF2.3 (Altschuler and others,
1958). Although the phosphate mineral isthe
same in all of the deposits, X-ray diffractometer
patterns of thephosphate pelletsfromthedifferent
depositsindicate a slight, but definite change from
north to south. The phosphate from North Caro-
lina contains the most carbonate, and that from
Florida the least. This change is apparently due
to avariation in the content of CO;, in the apatite
molecule. Samples heated to 850-1000°C for 30
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minutes and then X-rayed were identical in their
patterns, andthe patternwas that of afluorapatite.

The gangue minerals occurring with the phos-
phate are carbonate, quartz, and clay.

Detrital quartz grains of varying size are
common everywhere, but are most abundant inthe
reworked phosphate deposits. Quartz and phos-
phate are the only minerals in some reworked
deposits. Deposits in North Carolina contain
diatoms.

Carbonate minerals are major constituents
in all of the primary phosphorites in the Atlantic
Coastal Plain. Dolomite is the principal carbo-
nate mineral in the deposits of North Carolina,
but calcite is the principal carbonate mineral in
deposits elsewhere. Dolomite of possible secon-
daryorigindoesoccur,however,i ntheHawwthorn
Formation of Florida.

Unweathered phosphate deposits contain one
or more of the clay minerals illite, montmo-
rillonite, attapulgite, and sepiolite. Kaolinite is
a predominant clay mineral where the rocks are
weathered.

The clay minerals aredifferent inthe various
deposits. lllite and montmorillonite are the
common clay minerals of the North Carolinaphos-
phorite (Rooney and Kerr, 1967); abundant sepio-
lite and montmorillonite and minor illite charac-
terize the Hawthorn phosphorite of South Carolina
(Heron and Johnson, 1966); montmorillonite and
attapulgite are the predominant clay minerals of
the south Georgia—north Floridadeposits (Olson,
1966); montmorillonite isthe principal clay of the
phosphate in the land-pebble district of Florida,
but some attapulgite also occurs in the Hawthorn
Formation inthis area(Altschular, Cathcart, and
Young, 1964).

Small amounts of iron minerals, mainly
pyrite, hematite, goethite, and limonite, are in
all of the phosphate deposits. The iron phosphate
minerals—vivianite and dufrenite—occur in
weathered material of the deposits of Florida.

Glauconite occurs in trace amounts in many
of the deposits, and isfound almost entirely within
the phosphate pellets.

The heavy minerals which occur in trace
amounts in the deposits are chiefly ilmenite,
zircon, rutile, staurolite, sillimanite, tourma-
line, and garnet.

Clinoptilolite, a zeolite mineral that possibly
formed as an alteration of volcanic ash (Rooney
and Kerr, 1967), occurs in small amounts in the
Pungo River Formation of North Carolina, and
has been reported in one samplefrom South Caro-
lina (Heron and Johnson, 1966).

Aluminum phosphate minerals, wavellite,
crandallite, and millisite, are important secon-
dary minerals in the Florida deposits.

Trace Elements

Many metallic and nonmetallic elements are
present in phosphate rock in trace amounts, and
some of these may have use as byproducts. For
example, vanadium is being recovered as a by-
product of the chemical treatment of western
phosphate rock; uranium was recovered from
phosphoric acid madefrom Florida rock; fluorine
is being recovered as a byproduct of phosphoric
acid manufacture inFlorida; and rare-earths are
present in the Florida phosphate rock in amounts
large enough that they are a potential byproduct
(Altschuler, Berman, and Cuttita, 1967).

Data on the contents of trace elements in the
phosphate rock of the eastern United States are
not abundant. Certain elements needed in plant
nutrition intrace amounts include boron, copper,
iron, manganese, molybdenum, and zinc (Mort-
vedt, 1967). Semiquantitative spectrographic
analyses indicate that all of these elements are
present in trace amounts in samples of phospho-
rite from the land-pebble field and fromthe
south Georgia—north Florida field.

Uranium is present in all the marine phos-
phate deposits in sufficient quantity that the de-
posits can be delineated by the use of gamma-ray
detection devices. Uranium in phosphate has
been thoroughly investigated only in the deposits
of Florida and the western United States, but
some work hasbeen done on the other deposits of
the Atlantic Coastal Plain. In general, in south
Florida, the uranium content varies with particle
size (Cathcart, 1956); coarser particles contain
more uranium than the finer particles, and Alt-
schuler, Clarke, and Young (1958) pointed out
that those coarser particles that are compound,
and show evidence of several reworkings in a
marine environment, contain much more uranium
than simple pellets that were not reworked. The
relation of uraniumto P,Os contentisnot simple
but, in general, is inverse—that is, coarse
particles contain high uranium and low P,0Os,
whereas fine particles contain low uranium and
high P.Os. When sized particles are compared,
however, the relation is direct, but weak.
Uranium camefrom seawater, and coarser parti-
cles, exposed for longer periods of time or those
particles that were reworked, and exposed to sea
water morethan once, contain more uranium than
the simple particles that were never reworked.
For example, particles in the Hawthorn Forma-
tion that were not reworked, and that have not
been weathered, contain much less uranium than
particles of the same size that were reworked
into the Bone Valley Formation.

Uranium content of the aluminum phosphate
zone is very high because of secondary enrich-
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ment from solutions which have leached apatite
and uranium from above.

Uranium content of the phosphate deposits in
North Carolina is uniform, and relatively low—
about the same as the uranium content of the
phosphate pellets from the Hawthorn Formation
and much less than the uranium in the phosphate
of the Bone Valley Formation.

Uranium is present in phosphate pellets of
the other deposits, but there are too few analyses
to allow any generalizations.

ORIGIN

Phosphate was precipitated in marine basins
on the flanks of anticlines that were rising from
a relatively stable shelf. The position of the de-
posits suggests that phosphorus wasderived from
currents that moved southward along the Atlantic
Coast. These cool, temperate waters (Gibson,
1967), diverted by the rising anticlinal structures
of the Atlantic Coastal Plain(Fig. 1), were turbu-
lently mixed with the warmer waters of the Gulf
Stream, causing phosphate to precipitate. Most
of the phosphate was precipitated during middle
Miocene time. Younger deposits were derived
from the reworking of the phosphate particles in
the middle Miocene rocks. Phosphate pellets in
the surficial materials under the Atlantic Ocean
today are thought to have been derived from
Miocene rocks (Pilkey and Luternauer, 1967).

Phosphate deposits are not present in the
Gulf Coast. The deposits of the Central Gulf
Coastal Plain are deltaic (Murray, 1947), an
unfavorable environment for phosphate. Other
sedimentary deposits, particularly inthe Western
Gulf Coastal Plain, are similar to sediments of
the Atlantic Coastal Plain, but contain no phos-
phatebecause cool er waters contai ning phosphorus
weredivertedto the south and east by the Floridian
Plateau.

Pevear (1966) has suggested that phosphorites
of the eastern United States were deposited in an
estuarine environment. Thenutrient-ladenwaters
typical of estuaries may have been the loci for
the start of precipitation of phosphate. Certainly
apart of the land-pebble deposit of Florida was
deposited in an estuary. The estuarine environ-
ment, however, cannot account for the vast,
widespread phosphorite of the middle Miocene
throughout the Atlantic Coastal Plain, and con-
versely, cannot account for the lack of phosphate
inthe rocks of the Gulf Coast, some of which must
have been deposited in estuarine environments.

Both Gibson (1967) and Rooney and Kerr
(1967) attach significance in the origin of the
phosphorite of North Carolina to clinoptilolite
derived from volcanic ash. Rooney and Kerr
(1967, p. 747) suggest that: “Widespread ash
falls of long duration killed large numbers of

marine organisms whose subsequent decay con-
tributed phosphate.” Neither report, however,
gives any data regarding the amount of clinoptilo-
lite. Recent work by the writer shows that
clinoptilolite occurs in small amounts and only in
the fine fraction (-200 mesh) of the phosphorite.
The -200 mesh fraction averages 16 percent, by
weight, of the total rock, and the amount of
clinoptilolite in the -200 mesh fraction (estimated
from X-ray diffraction studies) ranges from a
trace to about 30 percent. Thus, the amount of
clinoptilolite in the whole rock ranges from a
trace to about 5 percent.

Elsewhere in the Atlantic Coastal Plain,
clinoptilolite has been reported only from one
sample from South Carolina (Heron and Johnson,
1966). It has not been reported from offshore
deposits in the Atlantic, nor has it been observed
in any X-ray patterns made by the writer from
other deposits in the Atlantic Coastal Plain.

It seems likely that the very small amount
of clinoptilolite in the North Carolina phosphorite
deposit is merely coincidental and has no rela-
tion to the origin of the phosphate deposit.

ECONOMIC GEOLOGY

Beneficiation

The phosphorite deposits, as mined, require
beneficiationto make a commercial product. The
mined material, called matrix, is disaggregated
and screened, yielding three size fractions. The
-0.1 mmfraction is a waste product called slime.
The -1 mm + 0.1 mm fraction is the flotation
feed consisting of phosphate pellets and quartz
grains. The quartz and phosphate particles are
separated by flotation into an economically valu-
able phosphate concentrate and a quartz sand
tailing. The +1 mm fraction, called pebble, may
be an economic product, as in the land-pebble
district of Floridawherethe P,Os content of the
fraction meets specifications of commercial
grade.

Pebble Fraction

The pebble fraction varies in amount and
composition, and the composition of this fraction
is important in the economic geology of the de-
posits. The pebble fraction of the Pungo River
Formation of North Carolina consists of phosphate
and quartz grains and calcite or dolomite rock
fragments. The pebble fraction ranges from 7 to
about 30percent P,Os, andaveragesabout23per-
cent. Both acid insoluble and CaO contents are
high in the pebble fraction, and added together
have aninverserelationwith P,Os content.

The pebblefraction of the phosphate deposits
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of the Charleston area, South Carolina, consists
of large, irregular, rounded phosphatized marl
fragments. The POs content of the material
produced ranged from 21 to about 29 percent,
and averaged about 25 percent. Analytical data
(Malde, 1959) indicate that silicais an important
diluent, and that there are some dolomite and
calcite.

The pebble fraction of the phosphate deposit
of Beaufort County, South Carolina, consists of
phosphate particles, quartz grains, and frag-
ments of clay, limestone, and dolomite. Clay
fragments could be eliminated by more thorough
washing and disaggregation, and the pebble frac-
tion would then contain quartz as the principal
diluent. Phosphate pellets from the pebble frac-
tionhave not been analyzed, but X-ray diffraction
traces were made of the hand-sorted phosphate
grains. The pebbles are largely apatite, but con-
tain some quartz and a trace amount of clay
mineral. The P>Os content of the phosphate
grains is probably high—perhaps greater than
30percent—butthephosphatecontent of thepebble
fractionmustvary greatly because of thedifferent
amounts of diluents present.

The pebble fraction of the south Georgia--
north Florida district consists of phosphate
particles, quartz grains, clay, and fragments
of carbonate rock. The fraction ranges from 6.3
to 30.8 percent P,Os, and averages about 27 per-
cent. Acid insoluble content ranges from 3. 1 to
65.7 percent, and averages about 21 percent, and
therelation of acid insoluble content to P.Os con-
tent is inverse. Carbonate is not an important
diluent in the pebble fraction.

The pebble fraction of the land-pebble phos-
phate district of south Florida is an economic
product because it consists almost entirely of
phosphate particles. The pebble fraction ranges
from 25toabout 37 percent P,Os. The principal
diluent is quartz, most of which is within the
phosphatepellet. X-ray patterns of the separated
nodules show that quartz always occurs in trace
to minor amounts, and that trace amounts of
calcite occur in some samples, but dolomite is
not recognizable. To the south of the main land-
pebble district, in Manatee, Hardee, and DeSoto
Counties, the pebble fraction contains phosphate
particles, fragments of sandy dolomite, clay, and
minor quartz. The separated phosphate grains
are composed of apatite, minor quartz, and some
calcite and dolomite. Dolomite is more abundant
and occurs in more of the samples in DeSoto
County. Thus, the amount of dolomite in the
phosphate particles increases southward.

Concentrate Fraction

Phosphate particles in the concentrate frac-
tion of the North Carolinadeposit are remarkably
uniformin P,Os content. Samples taken from

drill holes over the entire basin of deposition
ranged from 25-31 percent P,Os, and no single
sampl e contai ned as much as 32 percent P,Osg

Only a few samples contained less than 27 per-
cent P,Os, and all of these samples contained
abundant crystalline rhombs of dolomite—account-
ing for the low phosphate content.

Sample data are too sparse in the deposits
of Beaufort County, South Carolina, to permit
generalization regarding grade, but afew samples
analyzed by X-ray diffraction indicate the con-
centrate fractionto be composed of apatite, trace
amounts of quartz, and a very slight trace of
clay. At least some samples of phosphate con-
centrate are high in  P,Os content—probably as
much as 35 percent.

Concentrate from potentially economic de-
posits in south Georgia—north Florida ranges
from about 27 to about 35 percent P,Os, and
averages about 32 percent. According to Olson
(1966), light-colored particles are characteristic
of sandy, more permeable zones, and are possibly
enrichedin P,Os, as well as leached by ground
water. There is some evidence that light-colored
particlesarehigherin P,Os content than darker
colored particles; close to the ground surface,
light-colored particles have been bleached and
altered by weathering.

Complete chemical analyses are not avail-
able for the material from the south Georgia—
north Florida deposits, but the few samples that
were analyzed by X-ray indicate that quartz is
the principal diluent in the particles. Iron and
alumina, reported as total Fe,O3z plus Al,Og3,
together average about 2. 6 percent, and their
combined content more or less uniform, so that
there is no relation between these elements and
P,Os content. Silica is the principal diluent in
the pellets, although carbonate maybe present in
small amounts.

The concentrate fraction of the land-pebble
deposits of south Florida rangesfrom 25 to about
37 percent P,O5, but the phosphate content varies
with the stratigraphic position (Cathcart, 1964).
The phosphate content of pellets in the Hawthorn
Formation is generally lower than the content in
the Bone Valley Formation, because of a greater
amount of diluent in the pellets. In the Hawthorn
pellets, calcite is an important diluent, and dolo-
mite is present. Carbonate material is virtually
absent in the Bone Valley pellets, where quartz
is the principal diluent. Clay and iron oxide
minerals are also important diluents in some of
the pellets.

The concentrate fraction is distinctly higher
in P,Os content than the pebble fraction in the
south Floridadeposits, and this generalization is
truefor individual drill holes as well asfor aver-
ages for entire mine areas.
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Amount of Phosphate

The amount of recoverable phosphate parti-
cles, measured as tons per acre, varies greatly
in the different deposits.

In North Carolina, phosphate in the Pungo
River Formation ranges from 20,000-30,000 tons
per acre, even though thethickness of theforma-
tion ranges from 20 to 200 feet.

Not many data are availablefromthe deposits
in South Carolina, but the thickness of the phos-
phate beds rangesfrom O to about 20 feet and the
tonnage presumably varies accordingly. In the
main part of the basin, however, the thicknesses
are more uniform, and in one measured sample,
the tonnage of phosphate in the upper bed was
about 3,000 tons per acre, whereas that of the
lower bed (about twice as thick) was only 2, 000
tons per acre. Elsewhere, the bottom bed con-
tains a greater percentage of recoverable phos-
phate, so the total tonnage of both beds probably
rangesfrom 1,000 to about 15,000 tons per acre.

In the south Georgia—north Florida field,
tonnagesrangefroml essthan1,000toOmMsperacre
to about 20, 000 tons per acre.

Tonnages in the land-pebble district range
from less than 1,000 tons per acreto 50,000 tons
per acre. The very high tonnages are in locally
overthi ckenedareas,suchassinkhol efillings.

The ratio of pebble tonnage to concentrate
tonnage in the land-pebble district varies from O
(no pebble) to infinity (no concentrate). Domi-
nant pebble areas are on subsurface ridges; con-
centrate is on the flanks of the ridges and in the
valleys between (Cathcart and Davidson, 1952;
Davidson, 1952). Pebble deposits on the ridges
are thought to be due to submarine winnowing—
removal of finesfrom the ridges, and their depo-
sition in lower areas.

Reserves

Reserves in all of the deposits are measured
in terms of recoverable tonnage of phosphate
particles—either concentrate or pebble or both.

Total reserves in the land-pebble district of
Florida are hundreds of millions of tons of high-
grade ore and billions of tons of low and medium-
gradeor e, notnecessarilyminableunder present
conditions.

M easured reserves of phosphate in the south
Georgia—north Florida field are hundreds of
millions of tons, but total resources areprobably
billions of tons of low and medium grade.

Reserves of phosphate in the Hawthorn For-
mation of South Carolina are probably scores,
perhaps hundreds of millions, of tons, of at least
medium-grade material.

Reserves in the Charleston area of South
Carolina are scores of millions of tons, but the

grade is low, and individual deposits are small.

Reserves in North Carolina are measured in
billions of tons of low- to medium-grade phos-
phate concentrate.

Total resources of recoverable phosphate
particles in the Atlantic Coastal Plain, mostly in
the concentratefraction, are measured in scores
of billions of tons. Offshore deposits, known to
be present from North Carolina south to Florida,
are not included in this total, nor are the vast
reserves in carbonate rock of the Hawthorn For-
mation.

Mining and Production

Large capacity draglines are used to mine
phosphate from open pits in the Atlantic Coastal
Plain. The largest draglines used in Florida
have a capacity in excess of 40 cubic yards; they
swing from 200-foot booms and have a digging
depth of about 65 feet. Thesedraglines can com-
plete a digging cycle in about 1 minute and, thus,
can move rock at the rate of about 1 ton per
second. The dragline at the mine of the Texas
Gulf Sulphur Company in North Carolina has a
70-yard capacity bucket.

In 1966, production of phosphate rock in the
United States reached slightly more than 36 mil-
lion tons—28 million (78%) from Florida and
North Carolina, 3 million tons (8%) from Tennes-
see, and about 5 million tons (14%) from the
western United States (Lewis, 1967). The rock
sold had an average value of slightly less than
$7. 00 per ton (Lewis, 1967).

Mining began in 1867, in South Carolina, and
in the first full year of operation (June 1867—
June 1868) production was about 12, 000 tons that
had an average value of about $6. 00 per ton.
Total production of phosphate rock in the eastern
United States in past 100 years amounted to about

400milliontons. Productiongeneral lyhasdoubled

in each decade since mining began.
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CHEMICALS FROM THE SEA

W. F. Mcllhenny
The Dow Chemical Company
Freeport, Texas

ABSTRACT

The oceans of the world cover nearly three-quarters of the surface of the earth to
an average depth of over 12,000 feet. The presence of this vast quantity of water gives
our planet a special position in the solar system. No other is believed to have sub-
stantial quantities of liquid water.

The water of the oceans is quite probably the most complex solution that will ever
be encountered. It was in the oceans that life first appeared; even now, our biological
chemistry and the composition of our body fluids are closely related to the original
saline environment.

More than 77 elements havebeen found dissolved in sea water. It is quite probable
that all naturally occurring elements occur in sea water, and detection depends only
uponour analytic ability. Despitethe complexity of the solution, thetechnical chemistry
of sea water is determined by the nine major components, and it is from these nine
that industrial products are now recovered. The cationic elements are sodium, mag-
nesium, calcium, potassium, and strontium. Anionsare chloride, sulfate, bicarbonate,
and bromide. All other constituents of sea water total less than one percent of the
weight of the dissolved materials.

The economic usage of the oceans is quite impressive. It has been estimated that
the value of ocean activities exceeds 8 billion dollars per year, not including trans-
portation, conventional recreation, and most naval operations, and that the annual
growth rate of ocean-connected markets is between 8 and 15 percent.

Of this total, more than 700 million dollars is the present annual value of chemi-
cally related materials taken from the ocean, and nearly 250 million dollars of this
total is recovered from the dissolved state in sea water.

From sea water, common salt, magnesium metal and magnesium compounds,
bromine, and water are now produced. Potassium compounds have been produced
from residual solar salt bitterns. In addition, authigenic minerals, peculiar to the
marine environment, are formed from the dissolved content of the ocean by precipi-
tation, such as manganese nodules, phosphorites, glauconites, and oolitic aragonite.
Both calcium carbonate and silicon dioxide are removed from sea water by biological
action to serve as skeletons or protective mantles for marine organisms. lodine has
been recovered from sea plants after concentration from sea water.

The types of minerals capable of being recovered from sea water are those which
are widely distributed and produced. They are heavy chemicals, basic to a chemical
industry. They are sold at low prices, and the shipping costs are relatively important.

The largest sea water processing plant in the world is that of The Dow Chemical
Company at Freeport, Texas. Inthis complex, magnesium, magnesium compounds,
bromine, and fresh water are produced.

INTRODUCTION

From its beginning, the chemical industry
has been closely associated with the oceans.
Sodium chloride, sodium carbonate, bromine,
magnesium salts, and potassium salts were first
recovered in industrial quantities from sea
water. Sea plants were for aperiod the primary
source of iodine, bromine, and potash. The re-
covery of salt, Glauber’'s salt, and Epsom salt
from the seain New England by John Sears was
the first chemical manufacturing operation in the

western hemisphere, and the first patent issued
in America was for making sea salt.

Nearly 400 milliondollars worth of chemicals
or chemically related materials are recovered
throughout the world (Fig. 1) from the dissolved
state in seawater in chemical plants or by chemi-
cal engineering processes. In order of value,
salt, magnesium metal, water, bromine, and
magnesium compounds (table 1) are now being in-
dustrially recovered. In addition, small amounts
of potassium and calcium compounds are being
produced from solar silt bitterns.
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FIG. 1. Chemicals from the sea

Table 1. World production of chemicals from sea water.

Total Annual Annual Production % of Annual Value of
Commodity World Production From Sea Water Total Sea Water Production
(tons) (tons) ($)

Salt (NaCl) 118,600,000 34,600,0001/ 29.2 173, 000, 000
Magnesium (Mg) 174, 000 106,3002 61.1 74,700, 000
Desalinated water 241,000, 000 142, 000, 000 58.9 51,000, 000
Bromine (Br) 146,000 101,6002/ 69.5 44,700,000
Magnesium

compounds 11,400, 000%/ 690, 000122/ 6.1 41,000, 000

Total annual value of sea water-based production 384,400, 000

1/

Estimated. Figures not available.
2/

Includes magnesium from dolomitic lime.
3/

Includes sea salt bittern.
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In the United States, including Puerto Rico,
about $136, 000, 000 worth of chemicals is pro-
duced from sea water, including solar salt in
California, Hawaii, and Puerto Rico; magnesium
metal in Texas; magnesium, compounds in Cali-
fornia, Texas, Alabama, Florida, and New Jer-
sey; bromine in California and Texas;, and de-
salinated water at a number of seaside |locations.
Four of thefive major seawater-based commodi-
ties are produced at Freeport, on the Texas Gulf
Coast.

Chemical raw materials, in addition to those
recovered from the dissolved state, are pro-
duced from marine beaches, from the floors of
bays and estuaries, from the adjacent continental
shelf, and from marine plants and animals.

The chemical industry uses the ocean as a
major source of raw materials, as an artery of
commerce, as a heat sink, and as a repository
for industrial waste products. Thetotal economic
impact of the ocean on the chemical production

industry certainly exceeds a billion dollars each
year.

SEA WATER

Sea water is quite probably the most complex
solution (table 2) that technology is ever likely to
encounter. Some 77 elements, including the at-
mospheric gases, have been detected in seawater.
It is quite likely that all naturally occurring ele-
ments exist in the ocean. The lack of detection
of those existing in trace components is due to
our analytical limitations. Only afew of the dis-
solved elements occur as simple ions. The great
majority are dissolved as complexes, ion pairs,
or highly oxygenated ions. In addition, sea water
contains a wide variety of organic compounds,
both in true solution and in the bodies of marine
plants and animals.

This bewildering array of materials is in

Table 2. Chemical composition of sea water (after Goldberg).

Concentration

in Sea Water Principal Species
Element (Mg/Liter) in Solution
Chlorine 19, 000 Ccl”
Sodium 10, 500 Nat

. +2
Magnesium 1,350 Mg ~, MgSO4
Sulfur 885 s0,” 2
Calcium 400 cat?

. +
Potassium 380 K
Bromine 65 Br~

. Carbon 28 HCO.~
Strontium 8 srt2, SrSO,
Boron 4.6 B(OH)3
Silicon 3 Si(OH)4
Fluorine 1.3 F-

- - +
Nit 0.5 NO_ ,NO_ ,NH
itrogen 3 » 3
Lithium 0.17 Lit
Rubidium 0.12 Rb*

Concentration
in Sea Water Principal Species
Element (Mg/Liter) in Solution
Phosphorus 0. 07 H PO (-)
x 4
Iodine 0. 06 103:, 1
. +2
Barium 0.03 Ba ' “, Ba.SO4
Aluminum 0.01
Iron 0.01 Fe(OH)3
Zinc 0.01 zn*2, znso
Molybdenum 0.01 MoO4'2
Selenium 0. 004 SeO4—2
+2
Copper 0,003 Cu 7, CuSO4
Arsgenic 0.003 H AsO (-)
x 4
Tin 0.003
. -4
Uranium 0.003 Uo_(CO.)
2 3'3
Vanadium 0.002 VOZ( OH)3
Silver 0.0003 agc1 )
x
Gold 0.000004

AuCl
4
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dynamic equilibrium, as aresult of avery large
number of chemical and biological reactions with
reaction rate constants varying from extremely
rapid to some of the slowest known to science.
It is believed that the composition of the ocean
has changed very little for more than 500 million
years.

The chemistry of the ocean, however, is de-
termined by the nine major dissolved components
(and the water itself), and it is from these that
industrial products are being recovered today.
The major cations are sodium, magnesium, cal-
cium, potassium, and strontium. Anions include
chloride, sulfate, bicarbonate, and bromide. All
other dissolved constituentstotal less than 1 per-
cent of thetotal weight of the dissolved materials.

Processes have been devel oped for the extrac-
tion of all the major components and some of the
minor constituents. Whether a material is being
recovered or not depends primarily upontherela-
tive attractiveness of the marine material as an
economic source rather than upon the develop-
ment of recovery and processing technology.

Sat

Sodium chloride is, except for water, the
most abundant chemical existing in its primary
form on the surface of the earth. It is one of the
simplest of molecules, yet it is essential for the
existence of life andisindispensabletothe chemi-

cal industry. Common salt isthe single chemical
with the longest technological history. It hasbeen
connected by mankind with the ocean since pre-
recorded history.

Sat was the world’s first article of com-
merce, and alarge part of the earliest salt was
recovered from the ocean. Trade for salt es-
tablished the location of the earliest trade routes
and the location of many centers of population.

Although sdt is a dietary necessity, only a
small part is actually used in food. Sodium com-
poundsplay a partindirectly or directly inevery-
thing man uses. The chemical usagesfor sodium
compounds are so extensivethat salt is one of the
primary foundations upon which the chemical in-
dustry rests. About two-thirds of the salt con-
sumed in the United States is by the chemical in-
dustry. About half of this is used for the electro-
lytic production of chlorine and caustic soda and
about one-third in the production of soda ash.

Almost certainly the first widely used salt
was obtained from the ocean by solar evapora-
tion. Shore-dwellingtribesquiteprobably noticed
the natural deposition from evaporating tidal pools
and then deliberately impounded sea water to pro-
duce similar evaporation and crystallization.

In all solar sea salt processes (Fig. 2), sea
water is spread in a series of shallow basins
where it evaporates, gradually increasing in con-
centration until the solution becomes saturated
with sodium chloride and salt beginsto crystallize.
Contamination with other precipitating salts, tur-

TYPICAL SOLAR SEA SALT OPERATION

SEA WATER

[ovvraccizna rois | 1
| [ ——
S —

—2.',.

CONCENTRATING PONDS A

FIG. 2. Typical solar salt operation.



Mcllhenny: Sea Water 39

bidity from the initial sea water, and organic
matter frombiological growth occur to a greater
or lesser degree. The purity of the salt produced
is dependent upon the technical sophistication and
desires of the salt manufacturer.

There aregenerally three sets of evaporating
areas in solar sea salt operations: concentrating
ponds, pickle ponds, and crystallizing ponds.
Most of the water is evaporated in the evapora-
tion ponds, and they occupy the largest area.
Individual ponds are often 500 to 1,000 acres in
size.

The operation isdesigned to obtain maximum
vaporization of water, minimum leakage of con-
centrated solutions, and minimum contamination
of the salt product by other materials. Each set
of basins has apurpose and is designed differently.

In the concentrating ponds, the incoming sea
water isheld until the specific gravity of the solu-
tionisincreased to 1. 16. Ferric hydroxide and
calcium carbonate precipitate inthe initial ponds,
which can be uneven in depth and which generally
follow the ground contours. Most of the water is
evaporated in these ponds which occupy the larg-
est area. The concentrated sea water is further
evaporated in a series of lime ponds in which
gypsum (CaSO,-2H,0) precipitates. The brine
is held here until a specific gravity of 1.21 is
reached. The lime (or pickle) ponds can also be
uneven and follow land contours. Dyes are some-
times added to increase absorption of the solar
radiation.

The brine is moved to a series of harvesting
ponds and held until a density of 1. 25 to 1. 27 is
reached. Salt precipitates as large crystals and
settles to the pond floor. The concentration of
the final liquor is controlled to prevent deposi-
tion of magnesium salts. The residual liquor,
termedbittern,i softenfurtherprocessedtopro-
duce magnesium salts or bromine. The evapora-
tion cycle is continued until a sufficient depth of
salt has accumulated. The pond is drained and
the salt harvested by large, especially designed
harvesters and conveyed to a stockpile. The raw
salt is washed and sold inbulk, dried and bagged,
or further processed by recrystallizationto purer
grades.

The harvesting or crystallizing ponds are
quite carefully designed. They are normally rec-
tangular with flat or gently sloping floors with
properly shaped containing levees. Harvesting
ponds are commonly located near storage areas.

A solar salt operation must be located near
a market or closeto favorable, inexpensivetrans-
portation to a more distant market. The neces-
sity for location onthe sea coast makes deep draft
shipping relatively accessible, and modern plants
are usually located to take advantage of ocean
transportation. The terrain must be suitable,
preferably alow-lyingtidal area with an impervi-
ous clay soil. The number of suitable sitesis

quite limited.

The evaporation rate or, more properly, the
net excess of water evaporated over rainfall must
be sufficiently high. Rates range from 150 inches
per year in arid, tropical countries to a useful
minimum of 20inches. A value of 40 to 50inches
per year is normally considered to be the lower
limit for general consideration.

A substantial amount of salt is produced in
Japan for table useby thedirect evaporation of sea
water or sea-water concentrates in coal or elec-
trically heated units, and a three-stage, forced-
circulation evaporator and salt crystallizer has
been operated for a few years in Kuwait, pro-
ducing 20 tons of salt per day, using as feed the
brine effluent stream from the large multiple-
stage flash evaporators installed in that country.

There was no substantial sea salt production
in the United States until 1853 when the produc-
tion of salt alongthe southern shores of San Fran-
cisco Bay was begun. Today, solar operations
are carried on by two companies in Alameda,
San Mateo, and Santa Clara counties and pro-
cessed and refined in plants at Newark and Mount
Eden. Leslie Sat Company supplies crude salt
to the adjacent Morton Salt Company refinery and
sells the bitterns to FMC Corporation which re-
covers magnesium hydroxide and bromine in a
nearby plant. Crude salt is also harvested from
solar ponds along San Pablo Bay in Napa County
on the northern arm of San Francisco Bay.

Crude salt is produced by solar-evaporation
a Moss Landing on Monterey Bay and sold to
local ice companies, water softening firms, and
food processers. Solar salt is harvested from
ponds on the South Bay a San Diego and is pro-
cessed in a ChulaVista plant for sale to local
customers. Bitterns are sold to a nearby plant
for the production of magnesium chloride.

Substantial quantities of solar salt are re-
covered from salt ponds in the Mayaguez Dis-
trict of Puerto Rico, and commercia sat is
produced in Hawaii on the island of Oahu.

Figures are not directly available for solar
sea salt production in the United States and
Puerto Rico, but it is estimated to be about 4 per-
cent of the United States’ total consumption or
nearly 1, 400, 000 tons in 1965.

Salt from the ocean is produced in commer-
cial quantities in 60 countries. An additional 30
or so nations produce small amounts for local or
individual consumption. The total production of
salt from the ocean is estimated to be about
34, 600, 000 tons or more than 29 percent of the
total world production of salt.

Largenew solar sea salt industries havebeen
establishedinthe last decade at LonglIsland inthe
Bahamas, Bonaire in the Netherlands Antilles,
Port Hedlund in western Australia, and at Guer-
rero Negro on the west coast of the Mexican
State of Baja California.
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Magnesium Compounds

Magnesium is the third most abundant dis-
solved component of sea water, and substantial
amounts of both magnesium metal and magnesium
compounds are produced from the ocean. Mag-
nesia (magnesium oxide) is the principal product
of the magnesium compounds industry. It is
widely used as abasic refractory for metallurgical
furnaces and as an el ectrical resistor, an absorb-
ent, a catalyst, andas a component of magnesium
oxysulfate cements. Other magnesium compounds
are produced by neutralization of magnesia or
magnesium hydroxide with various acids.

All sea water magnesium, whether destined
for magnesium metal or for magnesium com-
pounds, is precipitated from sea water by an
alkali. Calcined dolomite, a widely available
double carbonate of magnesium and calcium, is
often used as the source of alkalinity. Inthiscase
roughly half of the magnesium in the hydroxide
product originates from the dolomite and half
from the sea water. Lime, produced by calcin-
ing shell or limestone, and caustic soda are also
used as commercial precipitants. Oyster shell
is the principal source of limefor magnesia pro-
duction on the Texas, Louisiana, and Alabama
coasts.

In atypical sea-water magnesiaplant (Fig. 3),
the incoming seawater is screened and treated to
prevent calcium contamination of the magnesium
hydroxide product. The calcined limestone or
dolomite is added in awater slurry to the sea
water in a reactor. Magnesium hydroxide ispre-
cipitated and the resultant slurry settled in a
series of thickeners. The spent sea water isdis-
charged and the concentrated magnesium hydrox-
ide washedwith a countercurrent stream of water
and filtered.

Three types of magnesia are normally pro-
duced: a dense periclase for refractory use;
a chemically active, finely divided magnesium
for chemical and physical uses; and a dense,
very high purity, chemically inactive magnesia
grain. Modern practice seems to be to produce
the active oxide by calcination at a relatively low
temperature (~600-900°F) in a multiple hearth or
rotary furnace. A portion of this oxide is com-
monly milled, mixed with water, briquetted, and
recalcined in a rotary kiln at temperatures of
3200°F or higher to producethehigh purity grain.

Part of the thickened, washed hydroxide is
mixed in a pug mill with selective additives to
lower the sintering temperature and then cal-
cined, usually in rotary, gas-fired kilns at tem-
peratures up to 3300°F. The product is a dense
periclase grain with a purity of 84 to 97 percent
magnesium oxide.

There are now nine manufacturers of mag-
nesium compounds in the United States who de-
pend upon sea water as a raw material. Four

MAGNESIA FROM SEA WATER
(Qumica del Mar §. A., Tampico, Mexico)
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FIG. 3. Magnesiafrom sea water. Qumica
del Mar S A., Tampico, Mexico.

plants in other countries produce magnesia from
sea water. These include the world’s largest
facility at Hartlespool on the northeast coast of
England which has been operating since 1937. In
recent years, modern magnesia plants have been
constructed at Porsgrunn in Norway, at Cagliari
in Sardinia, and near Tampico in Mexico. A
facility is being constructed at Agua Thuna in
Newfoundland and plans have been announced for
the construction of sea water magnesium plants
in Greece and Saudi Arabia, as well as an addi-
tional facility in Mexico.
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Magnesium Metal

Sea water isthe principal source of magnesi-
um metal. Some 61 percent of the world’s pro-
duction comesfromthe only two plants which pro-
cess sea water. These are the Texas Division of
The Dow Chemical Company at Freeport, Texas,
and the facilities of Norsk Hydro-Elektrisk at
Heroya in Norway.

The electrolytic magnesium production pro-
cesses used in Texas and in Norway are con-
siderably different, but both depend upon an in-
itial precipitation from sea water as magnesium
hydroxide. Oyster shell is used in Texas and
dolomitic limestonein Norway. The process used
in Norway was developed before World War Il in
Germany. Inthis process, the precipitated hy-
droxide is calcined to magnesium oxide which is
chlorinated with returned chlorine from the
electrolytic cell to produce an essentially an-
hydrous MgCl, which is electrolyzed in a refrac-
tory-lined cell to produce magnesium metal.

Freeportislocated at the mouth of the Brazos
River in an advantageous hydrological position in
the center of abundant, low-cost raw materials.
At this location, magnesium metal, magnesium
compounds, bromine, and fresh water are pro-
duced from sea water. More than two million
gallons per minute of sea water passes through
the Dow complex, an amount equal to that of all
other process users of sea water in the world.

Sea water is taken in from the bottom of the
harbor (toobtai ndense, cool ,concentratedwater)
through one of six intakes, is screened, chlorin-
ated, and pumped into one of several central plant
flumes. It is pumped from the flume into a con-
crete flocculator and mixed with a slurry of lime
produced by the slaking of calcined oyster shells.
The resultant magnesium hydroxide precipitate is
settled in large, 500-foot-diameter Dorr thicken-
ers and separated from the spent sea water.

The settled hydroxide is filtered, washed,
and neutralized with byproduct hydrochloric acid
to produce a concentrated solution of magnesium
chloride. The magnesium chloride solution is
purified and dried influo-solid driers to produce
a free-flowing granular solid of the approximate
composition: MgCl,- 1.5 H,0.

This granular cell feed is added to a fused
saltbathi nlargebathtub-shapedsted pots.High
amperage electric current is passed through the
bath using anodes of compacted graphite. During
electrolysis, elemental magnesium and chlorine
are generated. The magnesium is lighter and
rises to the top of the bath where it is collected
and cast into ingots.

The two present plants—Dow, with a capaci-
ty of 120,000 tons per year, and Norsk Hydro-
Elektrisk, with a capacity of 38,000 tons per
year—produce the majority of magnesium out-
side of the Communist bloc nations. The Dow

plant at Freeport produces about 92 percent of
the total United States production. Both plants
have been modernized and expanded in the last
few years.

Bromine

A reddish-brown, volatile halogen, bromine,
was first discovered in the bitterns remaining
after French sea salt production. Bromine is the
most marine of all elements; the majority of the
world’'s available bromine is found in the ocean.
It exists as bromide ion a a concentration of
about 70 parts per million, making sea water as
used for bromine production one of the least con-
centrated raw materials used by any chemical
production plant.

Two separate processes (Fig. 4) have de-
veloped for the production of bromine, and all
commercial bromine production uses one of these
two. In the older process, developed in Ger-
many, bromine is stripped from a laden brine by
steam distillation after it is chemically oxidized
to the free element. This process seems to be
more economical whentheraw material is a con-
centrated brine such as sea salt bittern.

The newer process uses a countercurrent
air stripping of the oxidized elemental solution
followed by absorption. The blowing-out process
was developed for use on underground brines by
Dr. H. H. Dow a Midland, Michigan, but has
found its greatest utility in the recovery of bro-
mine from lean solutions such as sea water, and
the blowing-out process is used for all seawater-
fed operations.

In the blowing-out process, incoming sea
water is filtered and treated with acid to reach a
pH of about 3. 5. Chlorine is added to oxidize the
bromide to bromine which is stripped from the
sea water by a countercurrent stream of air in a
large packed tower. The bromine-laden vapor is
led into a baffled mixing chamber where sulfur
dioxide is added, and the reaction products are
absorbed in an aqgueous acid solution. The acid
solution is rechlorinated and steam-stripped to
produce a high quality bromine which can be re-
distilled to elemental bromine or reacted with
ethylene to produce ethylene dibromide.

In the steaming-out process, the bromine-
laden liquor is preheated, chlorinated, and
stripped by steam in specially designed towers.
The vapors are condensed, and the halogen phase
rectified in a steam-heated reboiler to produce a
satisfactory bromine purity.

Bromine has been produced from sea salt
bitterns in the United States since 1925 at Chula
Vista, and at Newark on San Francisco Bay using
the steaming-out process.

There are now six bromine production plants
using sea water as a raw material feed. The
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BROMINE FROM SEA WATER
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salt bitterns.

Freeport, Texas, operation (the only one in the
United States) is thelargest. Other large produc-
tion units are located at Port de Bouc in southern
France, in Cornwall and Wales in Great Britain,
and in Sicily. Bittern-based production is gener-
ally smaller and located adjacent to substantial
sea salt operations. Bromine is produced from
bitterns inIndia, Japan, Spain, and Italy. Several
of these operations have been recently expanded.

About three-fourths of the 158, 000 tons per
year of bromine produced in the United States is
used in the manufacture of ethylene dibromide,
and thepercentage of world production so directed

is even larger. This dependence on a single use
determinesthe markets and the economic produc-
tion patterns.

Potassium

Potassium salts are essential to plant growth
and are a necessary component of a balanced
agricultural fertilizer. For this use, potassium
has no substitute.

Because of the agricultural necessity, and
because potassium is a principal constituent of
the bitterns remaining after solar salt production,
and because potassium salts are differentially
concentrated by certain marine algae, potassium
salts of marine origin have been recovered by a
number of processes at various locations. Some
potassium chloride is being recovered from
Chinese and Japanese bitterns, and about 2, 000
tons per year of potassium sulfate are being re-
covered in India from salt bitterns. No potassi-
um salts are now recovered from any United States
sea salt production facilities, and no potassium
salts are produced directly from sea water any-
where in the world.

From the 17th century on, seaweed ashes,
or kelp as it was known, was a principal source
of potash, particularly in Scotland and France,
although the industry flourished primarily for the
production of soda ash and, later, iodine. Cali-
fornia seaweeds were the source of some 25, 000
tons of potash during the First World War.

Sever al bittern processes have been devel oped
for the production of potassium salts. These have
been fractional crystalline processes using rather
complicated flow schemes and solar evaporation.
Potassium canbe recovered by arranging the con-
ditions so that carnallite (KC1- MgCl,- 6H,0) is
able to precipitate. Carnallite is thendispropor-
tioned by water leachingtoproduce KC1. A double
sulfate salt (K,SO4 * MgSO, * 6H,0) is produced by
solar evaporation of bitternsfrom which potassi-
um chlorine can be crystallized after the mag-
nesium and calcium are removed by fractional
crystallization.

Both of these processes have been used in-
dustrially. The carnallite process has been used
toproduce potassium salts inFrance and inCali-
fornia. The Nicolli process was operated in Italy
and in Eritrea, and is being used in India.

Water

A surprisingly large amount of sea water is
desalinated daily to produce fresh water for mu-
nicipal, industrial, and agricultural use. At the
end of 1966, there were 153 sea water desalina-
tion plants with daily capacities of more than
25,000 gallons per day in operation or under con-
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struction. Thetotal daily production is93,046,000
gallons. The largest single unit is being built at
Terneuzen, Holland, which will produce 7.65
million gallons, although the total distillation
capacity of the multiple units in Kuwait is 24
million gallons per day.

A chemical engineering manipulation must
be performed to produce potable water by either
separating the salt or water components from a
saline feed solution. In practice, al sea water
desalination plants use a modification of distilla-
tion. Neither electrodialysis nor reverse osmosis
are suitable for sea water, and no truly com-
mercial plants using a freezing process are in
operation.

Almost all large desalination units now in
operation or under construction use multiple-
stage flash distillation. In this type of distilla-
tion, incoming sea water and recirculated brine
are preheated by the condensation of product
water in a series of stages at consecutively
higher temperatures. The heated sea water is
elevated to the maximum operating temperature
by condensing steam from an external source.
The hot sea water is allowed to flash to vapor in
a successive series of flash chambers, each at a
lower temperature and pressure. The flashed
vapor is condensed by the circulating sea water
and is collected as the water product. A final
condenser, using additional cooling sea water,
maintains the final vacuum.

Flash distillation is relatively new, having
been developed in the past fifteen years as a
technically useful method. The quality of the
water product is excellent, theprocessisthermal-
ly efficient, and sufficient design and operating
experience has accumulated so that warranted
operation and of f-the-shelf designs are now avail-
able.

Vapor compression distillation is used in a
number of smaller, commonly portable units.
These are powered by diesel or gasoline engines
driving a compressor. The energy input is
mechanical. A few larger vapor compression
distillation units are in operation using seawater
as a feed.

Multiple-effect, falling-film distillation has
been successfully used for the production of water
from sea water in the Office of Saline Water Test
Facility at Freeport, Texas. Sea water is evapo-
rated from athin film on the interior periphery
of an evaporator in a series of effects. Heat re-
leased by the condensation of vapor from a pre-
vious effect is used to vaporizethe water and the
condensedvapori scoll ectedasthepl ant product.
A large distillation plant now under construction
in the Virgin Islands will use multiple-effect,
falling-film distillation.

The rate of growth of the amount of sea water
desalinated has been about 30 percent per year
for the last decade. It can be predictedwith con-

siderable confidence that the installed capacity
will increase to 1,000 million gallons per day by
1978. There now is an investment of about $200
million in equipment, and the annual value of the
water produced is estimated to exceed $50 million.
Most plants are located in specialized locations
where water is necessary, and the cost of water
is not an important criteria. The cost of de-
salinated water will be gradually lowered as the
installed equipment increases.

Other Minerals

Calcium precipitates as gypsum during the
preconcentration of sea water for salt produc-
tion. Precipitated gypsum has been used as a
supplementary raw material for cement produc-
tion in Indonesia. The amount is small, and be-
cause of the cheapness and wide availability of
calcium compounds, sea water is unlikely to be
a major source.

Gold occurs in sea water at a very low con-
centration, primarily as chloride complexes.
There have been many attempts to recover gold
by a bewildering variety of schemes, none of
which have been economically successful.

Fritz Haber, the most famous chemist of
his time, undertook to relieve the German war
debt by extracting gold from the ocean. He de-
veloped careful analytical techniques, and in a
series of voyages across the Atlantic in the late
1920’s, Haber succeeded in identifying gold in
sea water but not in economic amounts.

Uraniumis present in seawater asthecarbo-
nate complex at a concentrationabout 1,000 times
as high as gold and ten times as high as silver.
Processes have been developed for the extraction
of uranium from sea water but are not able to
compete with alternative sources.

Selective extraction methods are available
for almost all of the dissolved components of sea
water. In all but afew of these cases, the value
of the material recovered is insufficient to cover
the cost of pumping, equipment amortization, and
labor.
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INDUSTRIAL CARBONATES OF THE TEXAS GULF COASTAL PLAIN

G. K. Eifler, Jr.
Bureau of Economic Geology
The University of Texas a Austin
Austin, Texas

ABSTRACT

Industrial carbonates of the Texas Gulf Coastal Plain are limestone, chalk,
dolomite, and oyster shell. Carbonate rocks are contained in Cretaceous forma-
tions, which crop out along the western part of the Coastal Plain; oyster shell com-
poses Recent reefs in bays along the coast between Sabine Lake and Corpus Christi
Bay. In the extensive area between Cretaceous outcrop and bays are minor occur-
rences of thin, impure Tertiary limestone, local limestone associated with salt
domes, and Quaternary caliche; all of these contribute less than 5 percent to the
total carbonate industry of the Coastal Plain. The value of lime and cement utilizing
Cretaceous carbonates and oyster shell as source material amounts to more than
$100, 000, 000 annually. No data are available for the combined value of crushed
limestone, crushed shell, and associated products.

Chief source of crushed stone is the Edwards Formation (Lower Cretaceous),
which is composed of pure, durable limestone and minor dolomite. Crushed stone
and allied products are utilized mainly as aggregate, ballast, base material, flux-
stone, and agricultural limestone.

Owing to high purity, Edwards limestone is suitable for calcination to lime.
Six plants use Edwards rock as source material and one plant uses Walnut (L ower
Cretaceous) limestone. In 1966 these plants produced and sold 738, 000 tons of lime
valued at $8, 500, 000. This lime was consumed mainly in soil stabilization and in
chemical and associated industries. At one plant dolomite is deadburned for use as
a refractory.

Chalk of the Austin Group (Upper Cretaceous) is utilized in the manufacture of
cement by eight plants located on the Cretaceous outcrop; one plant uses argillaceous
limestone of the Duck Creek Formation (Lower Cretaceous). In 1966 these plants
produced approximately 15, 700, 000 barrels of cement valued at $48, 750, 000.

Along the coast crushed oyster shell is used principally as aggregate and base
material in road construction, generally no farther inland than 75 miles. Ground
shell is used extensively in feed mixes for chickens and cattle.

Oyster shell is the chief source material calcined by plants along the coast.
In 1966 seven coastal plants produced 735,000 tons of lime valued at $10,000,000.
This lime was used mainly by the producer for chemical and other industrial pur-
poses. Sx plants utilizing oyster shell produced 11,500,000 barrels of cement
valued at $37,000,000. Coastal as well as inland cement plants are located in
metropolitan areas for proximity to local markets.

Reserves of Cretaceous limestone and chalk are infinitely great for the foresee-
able future. Although reserves of oyster shell are not known, it has been variously
estimated that they will be exhausted in about 15 to 30 years.

INTRODUCTION

Limestone and related carbonates including
oyster shell constitute a major resource among
the nonfuel minerals of Texas. Production of
these raw materials in 1966 amounted to more
than $40, 000, 000. In addition, 10 million tons of
carbonates were calcined into lime and cement
valued at $120,000,000. Of this $160,000,000
total value, production in the Texas Gulf Coastal
Plain accounted for 80 percent or $128,000,000.

The Texas Gulf Coastal Plain (Fig. 1) lies

gulfward of a line which runs from Red River
at the Montague-Cooke County boundary south-
southwestward to the Brazos River, down the
river to Waco, and thence through Austin, San
Antonio, and Del Rio (Fenneman, 1928). The
western part of theCoastal Plainisformed by the
outcrop of Cretaceous formations which dip south-
eastward beneath Tertiary strata. Between Aus-
tin and San Antonio faults of the Balcones System
sharply demarcate the Coastal Plain from the Ed-
wards Plateau; elsewhere the western boundary
is less distinct. Cretaceouslimestones cropping
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FIG. 1. Gulf Coastal Plain of Texas.

out just west of the inland boundary of the Texas
Gulf Coastal Plain are considered in this paper
to be deposits within the Coastal Plain.

Industrial carbonates of the Texas Gulf Coas-
tal Plain are limestone, chalk, dolomite, and
oyster shell. Carbonate rocks are contained in
Cretaceous formations and oyster shell occurs in
Recent reefs of bays aong the coast. Between
the Cretaceous outcrop and the coast is an exten-
sive area generally lacking in carbonates, with
the minor exception of limestone associated with
a few salt domes, thin impure Tertiary lime-

stone, and Quaternary caliche. The contribution
of these minor occurrences amountsto only 3 or 4
percent of thetotal Gulf Coast carbonate industry.

CARBONATES OF THE CRETACEOUS ROCKS

In Central Texas the Cretaceous System is
approximately 2, 500 feet thick, and it thickens
along the outcrop both northward to Red River and
southwestward to the Rio Grande. About half of
the section is composed of limestone and chalk
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(Adkins, 1933). In the Cretaceous section two
units furnish practically al of the industrial
carbonates. These are the Edwards Formation
(Lower Cretaceous), which is composed of lime-
stone, and the Austin Group (Upper Cretaceous),
which comprises mainly chalk.

Edwards Formation

Lithology. —The Edwards Formation is pre-
dominantly limestone, but contains dolomite and
chert. Although several Lower Cretaceous for-
mations contain potential industrial carbonates,
only the Edwards Formation is being extensively
exploited at the present time. This is due to the
fact that Edwards limestone is superior stone, is
exceptionally pure, and much of it is accessible
to railroad and highway.

The Edwards Formation was deposited on
an extensive, shalow clear-water shelf, the
Comanche Platform (Fisher and Rodda, 1967,
p. 53), which was bounded on the north, east, and
south by basins of deeper water. From Central
Texas the formation grades by change of facies
northward into the Comanche Peak and Goodland
formations (Rodda et al. , 1966, p. 5) and south-
westward into the Devils River and associated
formations (Lozo and Smith, 1964). In thickness
the formation increases from 20 feet in northern
Johnson County to 300 feet at Austin and to 500
feet north of San Antonio.

North of the Austin area the formation is
composed largely of bioherms and biostromes
with associated shell debris (Nelson, 1959). Bio-
herms range in thickness from 10 to 50 feet and
are subcircular to elliptical in plan. In some
areas bioherms are abundant and locally they
coalesce. Biohermal framework is composed
mainly of rudistids and caprinids with minor
corals and the matrix is a mixture of forami-
niferal shellsand microgranular calcite. Coarse-
grained calcite occurs in shell cavities, in veins,
and as cement between shells.

Poorly defined beds with dips up to 25 degrees
flank the reefs. These beds are made up of
angular shell fragments, minor whole shells,
and fine-grained calcite. Tongues of reef core
extend locally into reef flanks and interreef de-
posits.

Interreef deposits are evenly bedded layers
up to 3 feet thick and are composed of fine- to
coarse-grained limestone containing moderately
rounded shell debris.

Biostromes range up to 8 and 10 feet in
thickness. They are regularly bedded and are
similar in composition to the bioherms.

Southwest of the Austin areabiohermslargely
disappear and the Edwards is composed mainly
of limestones resembling interreef depositsto the
north. Biostromes, miliolid limestones, and
fine-grained limestones of probable chemical

origin occur in varying proportions. The bio-
stromes are up to 10 feet thick and maintain
constant thickness and lithology for considerable
distances. They are composed chiefly of whole
and fragmental shells of rudistids and other
pelecypods. Limestones of the Edwards Forma-
tion are notably pure. Forty nondolomitic sam-
ples from 16 localities between Johnson City and
the San Antonio area have an average calcium
carbonate content of 97. 8 percent (Rodda et al. ,
1966, pp. 43-277).

Along the Edwards outcrop there are 12
quarries operating on a large scale. However,
more than 95 percent of the tonnage is produced
in the belt of outcrop between Georgetown and
San Antonio, a distance of about 100 miles. In
this belt the thickness rangesfrom 175 feet in the
north to 500 feet in the south. In addition to con-
siderable thickness, other favorable quarrying
features are good drainage and gravity haul situa-
tions.

Utilization. —Since limestones of the Ed-
wards Formation are compact, tough, durable,
and pure, they are quarried extensively for a
multiplicity of industrial uses. In 1966 approxi-
mately 10, 000, 000 tons of rock were quarried
from the Edwards Formation. Of this amount
more than 8,750,000 tons of rock were crushed
stone, which in small part was aby-product of
quarrying high-calcium limestone.

More than 7,000,000 tons of this crushed
limestone were used in aggregate and road ma-
terial and in the production of alkalis. Flux-
stone and agricultural limestone each accounted
for approximately 275, 000 tons. Minor uses
included asphalt filler, stone sand, roofing ma-
terial, and mineral foods.

The lime industry along the inner margin of
the Texas Gulf Coastal Plain is tied closely to the
Edwards Formation. In Texas the lime industry
started more than a century ago in the Austin
area. Lime was used in the construction of the
State Capitol Building, which was completed in
1888. Texas manufactures 8 to 9 percent of the
lime produced in the United States, ranking 4th
among lime-producing states.

The great bulk of the Edwards limestone is
suitable for calcination into lime, since the rock
is typically 96 to 97 percent calcium carbonate
and the minimum requirement is 96 percent.
Six of the seven lime plants along the inner margin
of the Gulf Coastal Plain use Edwards limestone
as source material. The seventh plant uses a
limestone from the Walnut Formation, which is
stratigraphically below the Edwards.

Unlike the cement plants of the Coastal Plain,
most lime plants are not located in metropolitan
areas, probably because of a broader market
(Fig.2).

In 1966 these seven lime plants produced
and sold 738, 000 short tons of lime valued at
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FIG. 2. Lime plants utilizing Cretaceous rocks.

$8,470,000, or an average of approximately
$11.70 per ton. This production consumed about
1,200,000 tons of raw limestone. A new lime
plant will be completed this year at San Antonio;
the plant will use Edwards limestone and have a
capacity of 220 tons aday.

Approximately 48 percent of the lime output
was sold for soil stabilization, mostly for road
beds; 38 percent was sold for chemical and other
industrial purposes; and the remaining 14 per-
cent was used in construction, agriculture, and
miscellaneous uses of minor importance. Most

lime used in road stabilization is fed into de-
livery trucks equipped with spreaders in order
to eliminate second handling. Considerable lime
was used in purification of water in suburban and
other areas and in water used in the Frasch
process of sulfur recovery.

Dolomite from the Edwards Formation is
deadburned for use as refractory material in con-
struction of open hearth and blast furnaces. The
rock must contain at least 18 percent magnesium
and less than 1 percent each of alumina, silica,
and iron oxide.
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In the Edwards Formation, dolomite occurs
in two ways: (1) in individual layers or stratal
dolomite, and (2) in thick masses or massive
dolomite (Fisher and Rodda, 1967, p. 58). Stratal
dolomite occurs as laterally persistent beds up to
3feetthick;therocki sfinegrai nedand probalbl y
formed in the prelithification stage. Massive
dolomite occurs in irregular bodies 10 to 15 feet
thick, but locally is much thicker. The rock is
commonly coarse grained and formed in the post-
lithification stage. Massive dolomite is locally
associated with outer parts of bioherms and flank-
ing deposits.

Dolomite is locally abundant in the Edwards
Formation near Round Rock where the rock is
deadburned at one plant. This is the only plant
calcining dolomite and production figures are not
available.

Edwards limestone mixed with clay and iron
ore would be suitable for manufacture of cement;
however, none is so used aong the Cretaceous
outcrop of the Coastal Plain. The reason for this
is that the Edwards limestone islocally dolomitic
and is hard to grind. A softer, yet suitable ma-
terial is abundant and accessible. This material
is chalk from the Austin Group of the Cretaceous
Gulf Series.

Austin Group

Lithology. —The Austin Group in Central
Texas is divided into six formations with a com-
bined thickness of 300 to 500 feet. These are
dominantly thick, white, fairly pure chalk and
minor, thin marl (Adkins, 1933, p. 446). The
formations are sometimes referred to collec-
tively as the Austin Chalk. The rock is com-
posed typically of fine-grained calcite, forami-
niferal and molluscan shells, and debris of finely
comminuted shells and other organic matter.
Calcium carbonate content in general ranges be-
tween 80 and 85 percent. Northward from Austin
theAustinChalkgenerall ythickensandcropsout
in an almost straight belt to Dallas. Southwest-
ward from Austin the outcrop extends through
San Antonio and Uvalde, but it is locally cut by
faults of the Balcones System.

The Austin Chalk is underlain by shale of the
Eagle Ford Formation and overlain by marl of
the Taylor Group. Westward from San Antonio
thebasal Taylor marl is replaced by hard, argil-
laceous limestone of the Anacacho Formation.

Utilization. —Chalk of the Austin Group is
utilized in the manufacture of cement by eight of
the nine plants located along the Cretaceous out-
crop (Fig. 3). The ninth plant uses argillaceous
limestone of the Duck Creek Formation of the
Comanche Series.

The argillaceous component for the raw mix
with chalk is obtained from either the underlying
shale of the Eagle Ford Formation, as done at

Dallas, Midlothian, and Waco, or the overlying
argillaceous limestone of the Anacacho Forma-
tion as done a San Antonio.

In 1966, these plants produced 15,700,000
barrels of cement valued at $48,700,000. This
production represents 49 percent of the total
Texas output and 57 percent of the total produc-
tion of the Texas Gulf Coastal Plain.

OYSTER SHELL INDUSTRY

As previously stated, the other major source
of industrial carbonates besides the Cretaceous
formations is oyster shell along the coast.

History

Commercial dredging of oyster shell along
the Texas coast is said to have started at Galves-
ton in 1880 with the sale of a cargo of shell ob-
tained by shovel and wheelbarrow from an exposed
reef in Galveston Bay. Improved methods of
dredging and a steady increase in shell demand
on the coast have made the present industry a
multi-million dollar business with a $22,000,000
investment in dredges, barges, tugs, and aux-
iliary equipment and with an annual payroll of
$7,500,000. Shell is the second largest cargo
item of Port Houston; petroleum products rank
first. Texas is the largest producer of oyster
shell in the United States.

The average annual production of dredged
shell for the past 10 years is 11,500,000 cubic
yards and accumulated production for the past
50 years is approximately 275,000,000 cubic
yards. An average cubic yard of shell weighs
between 1,600 and 1,700 pounds. Oyster shell
occurring in bays along the coast is the property
of the State of Texas. In the last 10 years the
State has collected more than $10,000,000 in
royalties from the dredging industry. The cur-
rent royalty is 15¢ per cubic yard for coarse
shell and 13¢ per cubic yard for fine shell, which
is approximately 25 percent of the total produc-
tion.

In the early years of this century crushed
shell was used in quantity only for road material.
At that time it was probably supposed that not
many roads would be built and that the supply of
shell was almost without limit. Impetus to the
shell industry occurred in 1916 when shell was
first used in the manufacture of cement at a
Houston plant. Demand was increased in 1929
when it was discovered that shell could be made
into lime and was increased again in 1941 when
Dow Chemical Company at Freeport began to use
lime made from shell in the extraction of mag-
nesium from sea water. Production has leveled
off in the last few years, probably because gravel
was, to some extent, substituted for shell as
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road material (Fig. 4).
Distribution of Reefs

Oyster reefs occur in bays from Sabine Lake
to Corpus Christi Bay. Shell is currently being
produced fromfivebays: Sabine Lake, Galveston-
Trinity Bay, Lavaca Bay, San Antonio Bay, and
Nueces Bay (Fig. 5). In the past, Galveston-
Trinity Bay has accounted for about 75 to 80 per-
cent of shell, but last year it produced only 63
percent of the total amount. San Antonio Bay has

an increase of 50 percent over its production two
years ago. No dredging has been done in Corpus
Christi and Aransas Bays since the 1930's or in
Matagorda Bay since 1961. Copano Bay has had
only limited and intermittent production in the
last few decades.

Dredging Procedure
In 1953 dredgers were prevented by the State

of Texas from operating within 1,500 feet of live
reefs. In 1963 dredgers, having difficulty in
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FIG. 4. Oyster shell production in Texas bays, 1923-67.

getting sufficient shell, requested permission
to take all the shell in Galveston-Trinity Bay.
The Texas Wildlife Commission ordered that the
1,500-foot limit be reduced to 300 feet. After 4
months, difficulties arose and it was then ordered
that all dredging within the established limit be
done under the surveillance of the Commission.
This is the current procedure.

Modern dredgers operating in 5 to 10 feet
of water in reef areas are effective to a depth of
30 to 35 feet below water level. It is generally
thought that very little shell exists below this
level. The dredge cutting tool loosens the shell,
which is pulled by suction through a tube onto
the dredge where mud is eliminated by rotary
washers. The yield is generally 95 percent shell
and shell debris.

Composition of Shell
The calcium carbonate content of shell com-

pares favorably with that of high-calcium lime-
stone.

A batch of thoroughly washed shell is 95 per-
cent calcium carbonate. Shell with more than 3

percent silica is generally rejected. A typical
analysis of washed shell is given below.
Percent
CaCO3 e e e e+ e . 93-97
MgCO3 1.0
Si0, 0.5-2.0
CaSO, 0.3-0.4
Fe203
.2-4.
Al ;04 0 4.0
Others .0.85-1.0

Utilization. —Principal use of crushed shell
is in road construction, which consumes approxi-
mately 28 percent of total shell production. An
excellent road base is made by the use of a mix-
ture of two parts of shell to one part of sand,
which is equal in strength to a base of 100 per-
cent crushed limestone. Large quantities of
crushed shell are used as aggregate in concrete
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and asphalt surfacing. In addition, 100 percent
crushed shell is used on shoulders of roads and
as surfacing on some county and private roads,
but this usage is declining. Use of shell as road
material is, in general, limited to a 75-mile-
wide strip along the coast, beyond which shell
runs into competition withgravel owing to trans-
portation costs.

Oyster shell is ground and mixed with feeds
for chickens and cattle. Calcium carbonate of
the shell is effective in producing a thicker,
stronger egg shell, which is an important factor
in handling and shipping eggs. Cattle feed re-
quires a coarser grind than chicken feed. The
oyster shell ingredient serves as roughage, as a
bone-builder, and as an aid in milk production.
No statistics are available for the quantity of
shell used in al types of feed mixes, but the
industry must be considerable as chicken feeds
alone have consumed more than 5, 000, 000 cubic
yards of shell since 1931. Houston ranks second
in the nation as a producer of chicken feed with
admixed shell.

Shell is used in the manufacture of lime at
four of the five plants along the coast (Fig. 6).
The fifth uses Edwards limestone as fluxstone in
the manufacture of steel. In East Texas two
paper manufacturing plants regenerate lime, a
process requiring small additional quantities of
shell or high-calcium limestone from time to

time.

In 1966 the coastal plants produced 735, 000
tons of lime valued at $10,000,000. More than
96 percent of thislime was consumed by the pro-
ducers for use in their respective chemical and
adlied industries. The remaining 4 percent was
sold chiefly for use as a soil stabilizer.

Two chemical manufacturers, Dow Chemical
Company and Pittsburgh Plate Glass Company,
produced approximately 70 percent of the lime
manufactured on the coast. At the Dow Chemical
plant in Freeport, the first step in the production
of magnesium is the addition of lime to seawater
contained in flocculators where magnesium
hydrate is then precipitated. This precipitate is
treated with hydrochloric acid to produce mag-
nesium chloride, which is dissociated electro-
lytically into metallic magnesium and chlorine.
The plant uses approximately 1,000,000 cubic
yards of shell annually in this process. Lime
is a low-cost factor in the production of mag-
nesium.

The Chemical Division of Pittsburgh Plate
Glass Company uses lime directly or indirectly
in production of soda ash. In 1966 this company
used approximately 1,000,000 cubic yards of
shell in the production of lime. Carbon dioxide
and chlorine are important by-products in the
manufacture of soda ash.

Inthe reduction of bauxite to aluminum, lime
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FIG. 6.

is used in the first stages to remove silica and
other impurities from the bauxite ore. This use
of lime is a low-cost factor inthe final production
of metallic aluminum. There are two aluminum
plants on the Texas coast, Reynolds Aluminum
Company near Corpus Christi and Aluminum
Company of Americaon Lavaca Bay. The latter
plant converts more than 100,000 cubic yards of
shell to lime annually for its own use. Reynolds
Aluminum, however, buys lime from Central
Texas. This lime is transported by rail at a cost
of approximately $4. 00 per ton, or an increase
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Industrial plants manufacturing lime from oyster shell.

of 30 percent over the average price.

In the manufacture of paper, lime is utilized
in the production of calcium hypochlorite, which
is the chief agent used to bleach pulp. Lime is
an important ingredient of the cooking liquor used
in the manufacture of paper. One large paper
company at Houston uses about 40,000 cubic yards
of shell annually for these purposes.

There are six cement plants on the Texas
coast and all use oyster shell as the calcareous
ingredient of the raw mix (Fig. 7). One plant,
which is located east of Beaumont, obtains shell
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from Louisiana because no dredger would make a
15-year contract to supply Texas shell. For the
argillaceous component of the mix, clay is obtained
from the Beaumont Formation which crops out in
a broad belt contiguous to the coast. A typical
mix to produce one ton of cement is:

shell clay iron ore cement
2,500 1bs. + 720 1lbs. + 110 lbs. = 1 ton
(75%) (22%-) (3%+)

Beaumont
o |

*
Austin L)

Y Corpus Christi

Cement plants utilizing oyster shell.

In 1966 these plants producedover 11,500,000
barrels of cement valued at $37,000,000. This
production is 37 percent of the total Texas output
and 43 percent of the production of the Texas Gulf
Coastal Plain. Local metropolitan areas consti-
tute the major markets, but the cement is sold
along the entire coast.

SUMMARY OF RELATIVE VALUES

In summary, a comparison of Cretaceous
limestone production with shell production shows
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that crushed limestone has approximately twice
the value of crushed shell and the value of cement
and lime from Cretaceous rock is about 20 per-
cent greater than the value of these products de-
rived from shell.

RESERVES

Reserves of Cretaceouslimestone, dolomite,
and chalk suitablefor crushed stone and for calci-
nation into lime and cement are infinitely great.
At the present rate of consumption the supply
would last for a period measurable in thousands
of years. On the other hand, reserves of oyster
shell available under existing dredging restric-
tions are critically short. Although no survey of
remaining shell has been made, estimates rang-
ing between a 15 and 30-year supply have been
made. The TexasParks and Wildlife Commission
will request a $285, 000 appropriation at the next
session of the legislature for purposes of making
a survey of shell resources in the eight major
bays. It should be noted that dredging shell to
depletion is not an economic analogue to the
mining of progressively lower grade metallic
ores, since the percentage of shell recovery
would be about the same up tothelast barge load.

Galveston-Trinity Bay, which has produced
95 percent of all Texas shell, is now low in re-
serves, possibly a 10- to 12-year supply re-
maining under present conditions. San Antonio
Bay may have appreciable reserves, but these
would probably never approach the original shell
reserves of Galveston-Trinity Bay. San Antonio
Bay is about 150 miles from the Houston ship
channel by way of the intracoastal canal, and
transportation cost to the Houston area would in-
crease the price of delivered shell by more than
20 percent.

Oyster shell hasbeen discovered recently at
depths of 65 and 80 feet, but no reef hasbeen out-
lined. If large reefs were discovered at these
depths they would have an overburden of mud
ranging between 55 and 70 feet, so that it is
doubtful that this shell could be recovered on an
economic basis.

ECONOMIC CONSIDERATIONS

When shell can no longer be taken from the
bays, certain economic considerationswill arise.
The greatest effect will be on the dredging in-
dustry, which will come to a halt along the Texas
coast. Perhaps next in the line of adverse effect
will be the lime and cement industries, followed
by industries using lime in the manufacture of
such products as magnesium, steel, auminum,
soda ash, and paper. Also involved in thedeple-

tion of shell will be road contractors and feed
producers. It seems reasonable to assume that
aprice increase, to a greater or lesser extent,
would result for all products made either directly
or indirectly from shell.

Crushed shell used in road construction as
base material and as aggregate in surfacing could
be replaced by gravel and caliche occurring in
the interior of the Coastal Plain, but at a cost
increase of local variation.

The feasible sources for
Texas shell

replacement of
used in calcination are Louisiana
shell, the loose sands of calcareous oolites
occurring as beach deposits in the Bahama
Islands, and the Edwards Limestone of Central
Texas. Transportation of Louisiana shell to
Houston would result in a price increase of 35 to
40 percent, but the supply is limited so that the
remedy would be temporary. Bahama lime sands
might possibly be used in the manufacture of
cement. However, difficulty has been encountered
in pulverizing the oolites, apparently because of
their shape. Freight rates vary according to
classification of stone and are negotiable, but the
rate for a ton of limestone transported from
Central Texas to Houston would probably be be-
tween $1.80 and $1.90. An average cost of a ton
of high-calcium limestone F.O.B. Central Texas
quarries is approximately $1.25, or $3.05 to
$3. 15 delivered at Houston. A ton of Texas shell
costs $1.50 to $1.60, or about one-half that of
Edwardslimestone delivered to the Houston area.

Two tons of shell or high-calcium limestone
are required to produce one ton of lime owing to
the loss of CO, and a small amount of calcium
through minor chemical combinations. Thus a
Houston plant in producing one ton of lime would
use two tons of shell valued at $3.00 or two tons
of Edwards limestone valued a $6.00, which
would be an added cost of $3.00 per ton of lime.
Present transportation cost of one ton of lime
from Central Texas to Houston is a little more
than $4.00. Therefore, it would be cheaper for
coastal plants to produce from Edwards lime-
stone than to buy lime fromCentral Texas plants.

In the absence of shell, coastal plants would
probably use high-calcium Edwards limestone
rather than Austin Chalk in the manufacture of
cement, since clay from the Beaumont Forma-
tion is readily accessible. Added cost of the use
of thislimestone instead of shell would be approxi-
mately $1.75 per ton or about 30¢ per barrel.
This additional cost would shorten the radius of
the competitive market area of the coastal plants.

In conclusion, it seems apparent that many
industries, especially lime and cement, using
shell in their products, will eventually turn for
source carbonates to the Cretaceous rocks, which
have so well nurtured their competitors in the
past.
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GULF COAST SULFUR RESOURCES

John C. Myers
Consulting Geologist
Houston, Texas

ABSTRACT

Consumptionof sulfuriscloselycorrel atedwithindustrial progressandi ssome-

times used as abarometer of industrial production and a country’s standard of living.
In the latter part of the 18th century, the world was supplied with sulfur from sedi-
mentary sulfur deposits on the island of Sicily. In 1894, the Frasch process of pro-
ducing sulfur was first successfully applied at Sulphur Dome, Calcasieu Parish,
Louisiana. Since then, out of 174 domes whose Caprock lies above 3,000 feet, located
on and offshore in the Gulf Coast of the United States, only 26 have been productive.
In Mexico, 5 domes have produced sulfur to date, making a total of 31 domes for the
Gulf Coast area of the United States and Mexico.

Sulfur is found in a transition zone in the Caprock of a salt dome, below a lime-

stone cap and above a calcium sulfate base.

Thus, carbonate content increases and

sulfate content decreases with an increase in sulfur.
Future prospectsfor production of additional sources of sulfur inthe Gulf Coastal
area of the United States and Mexico lie entirely with salt dome development.

GENERAL STATEMENT

The sulfur industry is an integral part of the
production of nearly everything we eat, wear, and
use. Sulfur is not a commodity used directly by
consumers, but is used or employed inthe manu-
facture of morethan seventy products. Its great-
est use is in the production of sulfuric acid and
fertilizers. Sulfur production is closely corre-
lated with industrial progress, and its rate of
consumption isfrequently used as a barometer of
industrial production, and therefore, a country’s
standard of living.

HISTORY

In the latter part of the 18th century, Sicilian
sedimentary deposits provided the world with sul-
fur, but in 1894, the Frasch process was first
successfully used at Sulphur Dome, near the town
of Sulphur, in Calcasieu Parish, Louisiana, and
since then, Frasch producers have been in com-
mand of the supply.

Use or consumption of sulfur is closely re-
lated to its development in the Gulf Coastal area.
The Union Sulphur Company operated the mine at
Sulphur, Louisiana, and their judgment of the
consumption rate of sulfur caused them to refuse
an opportunity to operate the second mine to be
put into production a Bryan Mound, Brazoria
County, Texas. Freeport Sulphur Company was
organized, and placed this dome into production
in 1912. Freeport Sulphur, inturn, did not take
advantage of the offer to operate the Gulf Hill
Mine (Big Hill Gulf) in Matagorda County, Texas;

thus, again a new company was organized under
the name of Texas Gulf Sulphur Company to
operate this mine, which began in 1919.

A total of 22 mines were operated before
sulfur was found on the Isthmus of Tehuantepec,
Veracruz, Mexico. The first mine to be operated
in Mexico was the San Cristobal -Capoacan Dome,
which commenced operations in December 1953,
followed closely by the Jaltipan Dome in Septem-
ber of the following year.

Tablel gives the name of the mine, the oper-
ating company and starting and closing dates,
together with long tons of sulfur produced to the
end of 1967.

Some of the mines were abandoned as un-
economical in 1954 and 1955 because of low
sulfur prices, but some have since been placed
back into production in secondary recovery pro-
jects due to the increased demand and price of
sulfur.

At the present time, along the Gulf Coast of
Texas and Louisiana, there are 10 productive and
8 depleted mines. In Mexico there are 4 produc-
tive and 1 depleted.

Figure 1 shows the relative position of mines
along the Gulf Coast of the United States and
Mexico. There are three plants under construc-
tion, and five secondary recovery projects work-
ing. (The Caminada mine began operations in
late February 1968 and Lake Hermitage started
the 4th of March. This leaves only one plant
under construction at the present time.)

Since discovery of the Frasch process for
mining sulfur, a total of 29 domes have been
found productive in the Gulf Coastal area of the
United States and Mexico. It is probable that
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Table 1. History of Frasch production.

*Mine closed down, dome not depleted,
*%Not shown on the map, as it is not considered commercial.

(Data by Pan American Sulphur Company.)

Accumulated
Date Date Production
Dome Company Started Closed to 1-1-68
LOUISIANA
Bay Ste. Elaine Freeport Sulphur Company 11-19-52 12-29-59 1,131,204
Caminada Pass Freeport Sulphur Company 2- -68 Operating -
Chacahoula Freeport Sulphur Company 2-25-55 9-28-62 1,199,015
John W, Mecom 7-28-67 Operating 6,288
Garden Island Bay Freeport Sulphur Company 11-19-53 Operating 7,771,219
Grande Ecaille Freeport Sulphur Company 12- 8-33 Operating 32,110,786
Grand Isle Freeport Sulphur Company 4-17-60 Operating 5,875,190
Lake Hermitage Jefferson Lake Sulphur Company 3- 4-68 Operating -
Lake Pelto Freeport Sulphur Company 11-26-60 Operating 3,110,576
Liake Peigneur
(Jefferson Island) Jefferson Lake Sulphur Company 10-20-32 6- 7-36 430,811
Starks Jefferson Lake Sulphur Company 6-15-51 12-13-60 840, 289
Sulphur Mine Union Sulphur Company 12-27-94 12-23-24 9,412,165
Allied Chemical Corporation 9-18-66 Operating 19,110
MEXICO
Jaltipan Cia, Azufrera Panamericana, S, A. 9-26-54 Operating 12,682, 495
Mezquital
(Salinas Mine) Cia. de Azufre Veracruz, S.A, 5- 3-56 Operating 3,382,837
Nopalapa Cia. Exploradora del Istmo 2- B8-57 2-17-60 322, 243
Cia. Exploradora del Istmo 10-18-67 Operating 8, 080
San Cristobal-Capoacan Cia., Azufre Mexicana, S. A, 12- 7-53 5- 5-57 152, 167
Texistepec Mine* Cia. Central Minera, S.A. 6-12-59 11-20-61 9,114
TEXAS
Big Creek¥* Union Sulphur Company 3- 6-25 2-24-26 1,450
Bryan Mound Freeport Sulphur Company 11-12-12 9-30-35 5,001,068
Hooker Chemical Company 6-20-67 Operating 1,620
Clemens Dome Jefferson Lake Sulphur Company 5- 3-37 12-14-60 2,975,828
Damon Mound Standard Sulphur Company 11-11-53 4-20-57 139,618
Fannett Dome Texas Gulf Sulphur Company 5- 6-58 Operating 1,942,607
Gulf Hill Texas Gulf Sulphur Company 3-19-19 8-10-36 12, 349,597
Texas Gulf Sulphur Company 10- 8-65 Operating 212,922
High Island Dome United States Sulphur Company 3-25-60 2- 8-62 36,788
Hoskins Mound Freeport Sulphur Company 3-31-23 5-26-55 10, 895, 090
Long Point Texas Gulf Sulphur Company 3-19-30 10-19-38 402, 105
Jefferson Lake Sulphur Company 6- 7-46 Operating 4,816,204
Moss Bluff Texas Gulf Sulphur Company 6-24-48 Operating 5,272,576
Nash Dome Freeport Sulphur Company 2- 3-54 11-23-56 153,115
Phelan Sulphur Company 11- 7-66 Operating 54,944
New Gulf (Boling Dome) Union Sulphur Company 11-14-28 8-30-29 9,164
Texas Gulf Sulphur Company 3-19-29 Operating 62,608,170
Duval Sulphur Company 3-23-35 4-25-40 571,123
Baker Williams 6- 2-35 12-18-35 1,435
Orchard Dome Duval Corporation 1-29-38 Operating 5,245, 345
Palangana Duval Sulphur Company 10-27-28 3-10-35 236,662
Spindletop Texas Gulf Sulphur Company 5-12-52 Operating 6,854, 393
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Cia. Exploradora del Istmo (a Texas Gulf Sul-
phur Company subsidiary) will place the Nopal apa
Mine back in operation once the stockpile of
sulfur has been shipped to market.

CHARACTERISTICS OF SULFUR DEPOSITS

Figure 2 illustrates the position of sulfur
with relation to the shoulder of various produc-
tive salt domes. It was prepared in this manner
because varying depths of the domes appear to
have some relationship tothe size of the deposit,
as well as the size of the dome itself. Contours
represent the center of the shoulder of each
dome.

A salt dome has, in a general way, agentle
slopeoftheCaprockawayfromacommoncenter,
and as the edge of the dome is approached, the
dip increases rapidly to nearly vertical. The

shoulder of a dome is defined as the area em-
braced by the mid-point between the gentle slope
on top of the dome and the steep incline at the
periphery. One observes that New Gulf (Boling)
Dome has a shoulder illustrated by the 1,000-foot
contour. It is of interest to note that Texistepec
and Nopalapa in Veracruz, Mexico, appear to be
more or less salt ridges, and it is difficult to
bring them into the picture as real salt domes.
However, the character of the Caprock in the
sulfur-producing zone is more or less identical
withthat of other sulfurdomesofthe Gulf Coast.
Figuresi nthecenterofthedomesshowthenum-
ber of acres within the contour.

It is apparent that the position of sulfur de-
posits with respect to the dome is not uniform,
nor does the pattern repeat itself from one dome
to the next. Smaller domes have sulfur com-
pletely acrossthetop, such as at Sulphur, Calca-
sieu Parish, Louisiana, whereas medium-sized
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FIG. 2. The position of sulfur with respect to the shoulder of various productive salt domes.
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domes have small deposits scattered about the
top and periphery with the greater part near the
shoulder, such as a Bryan Mound, Brazoria
County, Texas. On some domes, the deposit
extends from the shoulder to near the apex as at
Chacahoula, LaFourche Parish, Louisiana, and
at Jaltipan, Veracruz, Mexico. The observation
that the deposit most commonly lies along the
shoulder of the dome suggests that a common
environment exists at that place. This environ-
ment reached completely across the smaller
domes, and only part way to the apex on other
domes.

The largest deposits occur on the larger
domes such as New Gulf (Boling), Wharton
County, Texas, and also at Jaltipan, Veracruz,
Mexico, probably becausethere is a greater area
of Caprock exposed to a common environment.

even.

On some of the domes, alteration within the
deposit is not complete from gypsum to lime-
stone and sulfur, and the deposit is a matrix of
limestone, sulfur, and gypsum in unequal quanti-
ties, both laterally and vertically. This type of
mineralization appears to affect amost all of the
deposit at Bryan Mound, BrazoriaCounty, Texas.
On others, this incomplete alteration occurs
mostly near the edges of the deposit.

On many of the domes there is more than
one horizon or mineralized zone; sometimes as
many as three or four zones occur. If this con-
dition exists between two rich deposits, it may
be that only one or two zones will carry com-
pletely from onedeposit to the other on the same
dome. This condition exists at Chacahoula and
Jaltipan.
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FIG. 3. Cross section of New Gulf (Boling) Dome (after Texas Gulf Sulphur Company, 1959).

Sometimes the caprock hasbeen eroded over
a part of the dome, suggesting that shallow water
conditions existed at the time the sulfur was
formed, or relatively soon thereafter. This phe-
nomenon could also account for the absence of

At New Gulf, shown in Figure 3, the sulfur
zone is thickest at the shoulder of the dome and
gradually thins to a depth of about 2, 500 feet be-
low sealevel. Thereis alow place near the in-
terior edge of the sulfur zone which is thicker

than average for the rest of the deposit on the
dome. The linear distance is 7, 180 feet from
the -2, 500-foot level to the limits of the ore de-
posit on higher parts of the dome. Thin sections
of barren limestone occur above the sulfur zone.
The thickest part of the sulfur zone, measured
at right anglestothe slope of thebase of the zone,
is about 380 feet, whereas the limestone at its
maximum thickness is approximately 96 feet.
The sulfur zone covers a vertical interval of
2, 000 feet in depth. It is interesting to note that
the top and bottom of the sulfur zone is fairly

a sulfur body on other parts of some domes.

At Lake Peigneur (Jefferson Island) Dome in
Iberia Parish, Louisiana (Fig. 4), sulfur occurs
in a limestone caprock shelf which wasformed at
one time and then part of the dome later rose to
the surface and the caprock was eroded fromthis
later uplifted area. Itisof interest that the sulfur
zone of this dome has a maximum thickness of
around 160 feet, whereas the limestone has a
maximum thickness of about 100 feet. Beneath
the sulfur zone are areas of broken caprock
material, approximately 60 feet in thickness,
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FIG. 4. Cross section of Lake Peigneur (Jefferson Island) Dome (after O’ Donnell,

followed below by anhydrite not over 35 feet thick.
This cross section shows the anhydrite to extend
below 1,500 feet on this dome. The sulfur zone
extends from a depth of 640 to 840 feet. Thus,
it appears that sulfur must have formed much
more rapidly than on some other domes as evi-
denced by the magnitude of the vertical interval
through which sulfur occurs.

At Orchard Domein Fort Bend County, Texas,
the ore body repeats itself beneath an overhang
of Caprock. This may suggest that sulfur was
forming during final movement of the dome, or
that it could have formed before latest uplift,
or while upward movement was still inprogress.
The sulfur zone occurs a approximately 350 feet
on top of the dome to as low as 2, 200 feet on the
flanks of the dome or avertical interval of 1,850
feet.

At Hoskins Mound, Brazoria County, Texas,
shown in Figure 5, a continuous thick body of
limestone, more or less barren of sulfur, ex-
tends to the transition zone of sulfur and lime-
stone (which is the sulfur ore body), and grades
immediately below into anhydrite without the

1935).

occurrence of gypsum. This is in contrast to
the condition at Bryan Mound, where the transi-
tion zone is composed of gypsum and sulfur with
an uneven contact with the anhydrite body below.
Againat Hoskins Mound, itisnoted that the great-
est thickness of sulfur is in a zone aong the
shoulder of the dome, but in some instances, it
does carry to near the top of the dome, involving
a vertical interval of 1,000 feet. The sulfur zone
reaches a maximum thickness of about 325 feet,
and has a very irregular surface at the top and
bottom. Barren limestone above the sulfur zone
has a maximum thickness of about 260 feet. In
some places the limestone occurs both above the
sulfur zone and beneath it before contact with the
underlying anhydrite.

Figure 6 is a cross section of Sulphur Dome
at Sulphur, Louisiana. The section extendsfrom
west to east and is typical of practically all sec-
tions drawn either north and south, east and west,
or intermediate between these points. Here again
there is a barren limestone body whose thickness
is about 155 feet. Maximum thickness of the
sulfur zone is 100 feet, with the exception of the
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thick “hill” at the right side. It is interesting to
note that the anhydrite zone has a thickness of
850 feet near the center of the dome, and that the
top of the salt mass is flat. At Lake Peigneur
the top of the salt was probably flat also during
the formation of sulfur. The sulfur zone at
Sulphur Dome covers a vertical interval of from
500 to below 1,500 feet, or through 1,000 feet of
elevation. The linear distance across the dome
from shoulder to shoulder is about 2,100 feet,
and the top of the dome is practically circular
and embraces about 84 acres.

These cross sections suggest that the domes
had reached isostatic stability at the time sulfur
was formed, and if so, some of them have risen
at alater date. At Hoskins Mound, the vertical
difference inthe position of the sulfur amountsto
1,000 feet; a New Gulf 2,000 feet; a Sulphur
1,000 feet; and a Lake Peigneur it is practically
stable.

Lake Peigneur and Sulphur are definitely
piercement type domes and small in size. The
latter shows a sulfur zone extending completely
across the top. This may have been the case at
Lake Peigneur if isostatic adjustments had not
taken place causing the dome to rise a second
time so that the Caprock was partially eroded.

If thickness of Caprock depends on content of
anhydrite inthe salt and the rate of upward move-
ment of the salt, then many of the domes that are
completely covered by the caprock have had
varied rates of upward movement. Smaller domes
appear to have had a more rapid rise than larger
ones, and the salt top is relatively flat. On
larger domes, the surface of the salt is convex
rather than flat.

There does not appear to be any particular
relationship between thickness of the anhydrite-
gypsumpart of the cap and the sulfur zone above.
The degree of alteration of the sulfate series is
determined by stability of the salt dome, and sta-
bility also determines the thickness of the sulfur
zone. The fact that many domes have more than
one sulfur ore body at varying depths could mean
that alteration took place at different times, or
at the same time at different levels.

The sulfur zonelies in a matrix of limestone
for the most part, but thereis no genetic relation-
ship between the sulfur zone and thebarren lime-
stone above and below. It is difficult to conclude
that limestone is not a by-product of alteration of
gypsum-anhydrite to limestone and sulfur, yet
there is alwaysbarren limestone abovethe sulfur
zone and rarely any below the sulfur zone. The
uneven thickness of the barren limestone above
the sulfur zone suggests faulting, unequal erosion
of the limestone, or unequal reduction of the
sulfate cap. If limestone and sulfur are formed
at the sametime, it appears that sulfur should be
present on any part of the dome that has lime-
stone, but on aimost all domes this is not true.

Limestone and sulfur, therefore, may not have
beenformed inthe same environment, and perhaps
not contemporaneously.

It appears that paragenesis of calcite and
sulfur in salt domes is a direct result of the
alteration of anhydrite, but not under the same
conditions nor at the sametime. Stratified lime-
stone and sulfur suggest anaerobic bacterial
reduction of sulfate to hydrogen sulfide. The
presence of hydrocarbons may help to create the
proper environment for bacterial action.

FUTURE RESOURCES

Frasch reserves of sulfur in the Gulf Coastal
area of the United States and Mexico are kept
confidential, but a general estimate is 170 million
long tons.

Future resources of sulfur, in addition to the
reserves of the present productive domes and
those to be brought into production in 1968, must
come from old domes that have undeveloped re-
serves, or from unprospected domes that occur
offshore from the United States in the Gulf of
Mexico. There is also the prospect of finding
additional domes on the Isthmus of Tehuantepec,
Veracruz, Mexico, that have not been proved or
tested.

In respect to the prospects of finding addi-
tional productive domes offshore in the United
States, it is a statistical fact that out of 37 domes
in Texas and 41 in Louisiana onshore along the
Gulf Coast, with the top of the salt encountered
no deeper than approximately 3,000 feet below
the surface, only 24 domes, or about 31 percent,
have sulfur deposits, but one of these is non-
commercial. There are 3 additional domes to be
put into operation that have commercial deposits
of sulfur, bringing the total to 27, or approxi-
mately 35 percent of the total number of domes.
These domes are al located in the Gulf Coastal
section of Texas and L ouisiana.

If interior domes are included, it would add
14 in East Texas, 15 in North Louisiana, 34 in
Mississippi, and 1 in Alabama, making atotal of
64 additional domes that are nonproductive. This
would make a total of 142 domes onshore, of
which 26, or 18 percent, have commercial de-
posits. Most domes in Mississippi and East
Texas have been tested, and probably those in
North Louisiana.

There are 23 additional domes with possible
caprock above 3,000 feet in Louisiana's offshore,
and 5 domes in Texas. Freeport Sulphur Com-
pany drilled 19 wells on 4 additional salt domes
in 1966, with negative results. How complete
these domes have been tested is not known, but
the offshore domes will probably not be tested
as well as those onshore because of increased
cost. If these 32 offshore domes are added to the
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142 onshore, it makes atotal of 174 domes, 26 of
which have been found productive, or approxi-
mately 15 percent of thetotal. Thus, statistically,
odds are against finding productive domes off-
shore beyond the present productive belt. Any
prediction of future resourcesfrom Frasch sulfur
production on salt domes must consider the re-
sults of past prospecting.

There is a geological factor which enters
into the consideration of future prospecting. A
glance at the map in Figure 1 shows that known
sulfur-producing domes follow a narrow belt
which roughly parallels the coastline. Does this
mean that only those domes have sulfur deposits
which have a common depth and environment for
the generation of or formation of hydrogen sulfide
gas or native sulfur? This could be a factor.
Since structural contours on any horizon do not
exactly follow the present shoreline of the Gulf
Coast in Texas and Louisiana, and since this belt
of sulfur domes does parallel the shoreline, it
can meanthat only certain conditions provide the
environment necessary to the formation of sulfur.
Due to isostatic adjustment, only certain ones
are present at a given time and depth to provide
this environment, and since the adjustment is
greater intheimmediate Mississippi River Delta,
the belt follows shoreline rather than structural
contours.

In general, the sulfur domes have limestone
Caprock around the shoulder of the dome, followed
below by gypsum and below this impermeable
anhydrite resting on rock salt. The sulfur body
lies inthetransition zone between limestone above
and gypsum-anhydrite below. In a rich deposit,
the sulfur body is entirely limestone and sulfur
in equal amounts. Sulfur is crystalline, finely
disseminated and even amorphous. Limestone
is stratified in places, and in other places ex-
hibits solution brecciation. It is only near the
base of an ore body, or near the outer limits,
that gypsum is present in any appreciable amount.
Some deposits have a knife-edge contact between
barren limestone at the top and the ore body of
sulfur and limestone, and a the bottom, a clear
contact either with barren, massive gypsum, or
barren, granular anhydrite. Poorer deposits
exhibit an ore deposit that is irregular in tex-
ture, being limestone and sulfur with some gyp-
sum and anhydrite in irregular bodies with a
lack of distinct division between the orebody and
the surrounding Caprock material. Thus, the
sequence of limestone, to limestone and sulfur,
to gypsum-anhydrite is repeated many times.

The carbonate content increases and the
sulfate content decreases with an increase of

sulfur. Formation of sulfur a normal tempera-
tures and under conditions which confine the
formation to land-locked basins, such as appears
to be the case of the Upper Permian Ochoa Series
of the Delaware Basin in West Texas, need not
rule out similar conditions around salt domes or
in other areas.

It appears that further drilling and testing of
some old domes lying within the indicated pro-
ductive belt might produce additional tonnages,
if the ownership of the land and minerals is made
available for prospecting.

Production of sulfur by the Frasch process
cannot be done economically by individual |eases
or a small deposit, because a sufficiently thick
deposit and one covering enough area to obtain
adequate circulation of mine water is necessary
to control the heating process, and therefore,
the extraction of sulfur. In a sense, the Frasch
process requires a fairly largedeposit with mass
production to make it economical.

It maybe that another belt of sulfur producing
domes will be found offshore, but if so, they will
be found with fewer tests than those onshore. In
the light of lack of sulfur on many of the interior
domes and the few producing domes onshore in
the present coastal belt, it seems difficult to
imagine a repetition of another producing belt of
domes offshore.

There does not appear to be any geological
conditions existing in the Gulf Coastal area of the
United States and Mexico that lends itself to the
prospective formation of sulfur in commercial
guantities, other than salt domes.
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THE LOUANN SALT OF THE GULF COASTAL REGION

George C. Hardin, Jr.
Kerr-McGee Corporation
Oklahoma City, Okla

ABSTRACT

The more than 400 domes located around and under the Gulf of Mexico in which salt
hasbeen penetrated attest tothe presence of one or more thick beds of salt underlying
this large area. In 1945, Hazzard, Spooner, and Blanpied proposed the name Louann
SdAt for the salt bed penetrated by the Gulf No. 49 Werner well drilled at Smackover in
southern Arkansas. The name Louann has since been extended to include all of the salt
occurring in the U. S Gulf Coast.

SdAt has been mined from Avery Island, Louisiana, since 1862, and at present, the
salt produced fromthe salt domes of the Gulf Coast account for about 44 percent of the
salt production of the United States. In addition to rock salt, the salt domes of the
Gulf Coast supply large quantities of sulfur and oil and gas.

The Louann Salt does not crop out, and our knowledge of Louann stratigraphic
relationships is limited to what can be learned from drill holes and from a few rock
sat mines. Consequently, the details of Louann stratigraphy remain obscure. The
thickness, areal extent, geochemistry, and age of the salt, and whether it was deposited
in one or several basins cannot be determined with certainty.






CAP ROCK GENESIS AND OCCURRENCE OF SULPHUR DEPOSITS

Ralph E. Taylor
Frontier Sulphur Company, Inc.
New York, N. Y.

ABSTRACT

The capping of distinctive mineral composition that covers upper contours of the
rock salt of salt domes in the U. S Gulf Coast, Mexico, Germany, and other regions
of similar salt occurrence, is known as cap rock. At many of the shallower salt domes
of the Gulf Coast, cap rock is a thick, indurated body of rock comprised of a series of
layers of anhydrite occurring directly above the salt, overlain by secondary gypsum
and calcite, with the calcite and gypsum in places being associated with significant
amounts of native sulphur.

Detailed field and laboratory investigations have determined that the anhydrite
zone of the caprockis a residual accumulation of disseminated anhydrite grains leached
from the salt, associated with minor amounts of other distinctive water-insoluble
mineral grains and rock fragments that also occurredinthe salt. Anhydritehas altered
to gypsum where suitable depth and time factors have existed.

The native sulphur and calcite altered fromthe sulphates, anhydrite, and gypsum,
in the presence of hydrocarbons. Earlier detailed petrographic analyses revealed that
sulphur and calcite are direct replacements of the sulphates. More recent isotopic
studies confirm this conclusion, both for cap rock and sedimentary sulphur deposits
of Sicily. Work with isotopes also provided evidence that sulphate-reducing bacteria
which utilized hydrocarbons werethe alterationagent. Sulphur deposits in West Texas,
northern lraq, Poland, U.S S R., and elsewhere that are associated with sulphates
and hydrocarbons also appear to be due to bacterial action.

Cap rock has been a principal source of native sulphur since the beginning of the
century and mines in this country and Mexico provide two-thirds of production for the
western world. Oil and gas have been produced in important amounts from cap rock
in the Gulf Coast. Calcite and gypsum have been quarried at Pine Prairie and Winn-
field salt domes in Louisiana and Gyp Hill and Hockley in Texas.

Many new data relating to cap rock have been developed through application of
modern coring methods at more recently developed sulphur mines. Detailed studies
of these data and publication of the results would add importantly to the knowledge of
cap rock.

Deposits of native sulphur associated with
the sulphates gypsum and anhydrite have been
the principal world sources of elemental sulphur
from the time that sulphur became a dominant
industrial chemical raw material in the 19th cen-
tury. First to be exploited were deposits of
Sicily and southern Italy associated with sedi-
mentary gypsum. At the close of the 19thcen-
tury, Herman Frasch developed the hot water
injection method of mining which brought the
Gulf Coast deposits into production.

Gulf Coast salt domes (Fig. 1), their cap
rock and sulphur were subjects of great interest
to geologists, following discovery of sat at
Avery Island, Louisiana, in 1862 and discovery
of sulphur at Sulphur, Louisiana, in 1865. Vari-
ous theories were advanced to account for these
occurrences. They were first believed to be
Cretaceous outliers, and then uplifts due to
vulcanism, to gas, and to crystallization forces
of salt from saline springs. Eventually compari-

son was made with comparable salt structures of
the North German basin that were interpreted to
be the result of intrusion of salt in plastic state
from deep sedimentary beds (Fig. 2). German
salt domes had been studied in detail and their
origin well established through correlation of
the shallow Zechstein rock salt and potash beds
with the same beds in mines in the salt domes
(Fig. 3). In this connection, it is of much in-
terest that the German geologists G. Richter
Bernburg and E. Hofrichter, who supervised
extensive potash core drilling at Palangana salt
dome, Duva County, Texas, were able to corre-
late rock salt and potash bedsbetween coreholes,
establishing the stratigraphic sequence. Hof-
richter (1968) recently reported on this work.
Cap rock, which has long been recognized at
German salt domes, being referred to as “gyps
hut” or gypsum cap, has been explained as an
accumulation of residue leached from salt. Typi-
cally, gyps hut is of thin and irregular devel op-
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FIG. 1. Position of cap rock with respect to sat at Lake Hermitage salt dome, Louisiana

ment. By contrast, typical cap rock at Gulf Coast
salt domes is thick and massive, composed essen-
tially of anhydrite, quite unlike gyps hut. As a
result, Gulf Coast geologists originally did not
think of Gulf Coast cap rock as a residual accumu-
lation, but explained it as a block of sedimentary
anhydrite carried upward as the salt was extruded.
This idea has acceptance today among some
geologists in spite of evidence from a number of
field and petrographic studies. The remarkable
thickness of some cap rock bodies, whichrequire
great thicknesses of salt to explain their forma-
tion as an accumulation of salt residue, as well
as the occurrence of saltand related rocks in un-
consolidated sediments of the Gulf Coast, are
features that must be explained. For this reason
abrief review of the geology of Gulf Coast salt
domes is included at this point.

Caprock at LakeHermitage saltdome(Fig. 1)
is typical of that at shallow salt domes. It rests
on avirtually flat salt table and does not extend
appreciably down the flanks of the sat plug.
Fortunately, at several other localities cap rock
is exposed at the surface and can be examined in
detail. In quarries at Pine Prairie cap rock
consists of massive, coarsely crystalline, frac-
tured, secondary limestone, underlainby massive
gypsum. Limestone and gypsum also have been
quarried at both Winnfield, Louisiana, and Gyp
Hill, Texas, salt domes. In addition, there are
limited surface exposures of cap rock at Damon
Mound and Hockley, Texas. At several localities
in Louisiana and Texas, shallow cap rock is
rimmed by reef limestone, as at Damon Mound
and Nash, Texas, where coral of the Hetero-
stegina zone has been cored. It is, of course,
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FIG. 2. Configuration of salt domes, North German salt basin.

evident that cap rock, which was exposed in the
shallow MioceneHeterostegina seas, was formed
at or near the sea floor well before that time.
On the other hand, cap rock of appreciable thick-
ness, 100to 150 feet, has been reported at depths
of 6,500 to 7,500 feet, overlying deep salt at
domes in both Louisiana and Texas. Typicaly,
however, thicker cap rocks from 600 or 700 to
1,500 feet in thickness normally occur a depths
of a few hundred to 1,500 feet.

Geology and mineralogy of salt in salt domes
is of course of primary importance in determining
the genesis of cap rock. A sharp contact between
cap rock and underlying salt occurs at both Lake
Washington, Louisiana, and High Island, Texas.
In both occurrences, high angle dark bands are
quite distinctly apparent in the salt and are cut
off abruptly at the sharp salt-cap rock contact.
As will be shown indetail later, these dark bands
are composed essentially of anhydrite grains, and
are a distinctive feature of most Gulf Coast salt,
as well as salt dome and bedded salt of some
other regions. The cap rock at Lake Washington
and High Island as revealed in cores is aso
banded parallel tothe contact; this parallel band-
ing resulted from development of secondary
mineralization along partings or layers. In the
Lake Washington dome in particular, an intricate
pattern of minutefaults occurs along the parallel
bands.

At salt domes with thick cap rock, the top of
the salt is generally a flat solution salt table.
Where extensivedrilling has penetrated this con-

tact, as at the sulphur mines, a sharp contact is
unusual, and in many cases a cavity containing
brine with anhydrite sand is encountered.

Anhydrite bands in the salt were well illus-
trated in the now abandoned salt mine of Carey
Sat Company at Winnfield. The concentration
of the anhydrite grains in closely spaced parallel
bands, the detrital appearance of the grains, and
the elongation of the halite grains parallel to the
anhydritebands provide evidence of the intrusive
origin of the salt domes by plastic flow of the
salt from deeply buried salt beds. These an-
hydrite bands originated as “yargang” or year
bands when the bedded salt was deposited.

Mineralogy of the salt, especially of the
bands, is of particular interest in the genesis of
cap rock. Extensive chemical and petrographic
studies of the salt, both in Germany and in the
Gulf Coast, provide a good understanding of the
mineralogy. Petrographic thin sections of salt
illustrate somefragmentation of anhydrite grains
which probably occurred when the salt was in-
truded. Dolomite rhombs with nuclei are dis-
tinctive of Gulf Coast salt, although dolomite
represents much less than one percent of the salt
body.

Thecomposition of seawater (Sverdrup, 1942)
and the composition of whole samples of salt from
a salt dome and a bedded deposit arevery similar
(table 1). In addition, the presence of significant
amounts of calcium and sulphate ion provide an
adequate source for anhydrite. Large volumes
of almost pure anhydrite sand have been washed
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from brine wells of Dow Chemical Company at
Stratton Ridge sat dome, Texas, and were piled
in dumps of impressive size. Similar anhydrite
sand dumps have accumulated at brine operations
at Palangana, Pierce Junction, Bryan Mound and
Sour Lake, Texas; Sulphur, West Hackberry and
Choctaw, Louisiana; Petal, Mississippi, and
Mclntosh, Alabama, among others.

The amount of water-insoluble residue in
salt is shown in Figure 4 for two salt domes,
Bryan Mound and Stratton Ridge, as determined
from cores of Dow Chemical Company brine
wells.  The amount of residue varies not only
within a dome but from one dome to another,
which suggests that the series of deeply buried
salt beds—the “mother” salt—had a variable

residue content and that different salt domes
were supplied from different parts of the buried
salt section. For example, in the Five Islands,
all of which now have been opened for salt min-
ing, certain of the mines are composed pre-
dominantly of hard, closely banded salt, whereas
others are essentially a soft, friable salt with
relatively sparsebanding. Studies of these mines
are being conducted by geologists at Louisiana
State University (Kupfer, 1965) and eventually
should shed light not only on the stratigraphy of
the salt but on the thickness and, hopefully, the
age. Spores (Jux, 1961), which are of rare oc-
currence and the only fossils so far recognized
in salt, have not given definitive results but sug-
gest Triassic or Jurassic age.
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Table 1. Comparison of chemical analyses of sea water and brine

from bedded salt and salt-dome salt.

Humble No., 1 Williams

Salts in Sea Water

Clark Co., Alabama

Clovelly Dome,

(Sverdrup, after Depth 15,666-667 feet Louisiana

Dittmar and others) Bedded Salt Salt
Cl 55. 04 57.17 53.97
Br 0.19 ——- R
SO4 7.68 2.67 3.46
HCO3 0.41 --- None
H3BO3 0.07 —-- _——
Mg 3,69 0. 04 0.10
Ca 1,16 1,07 1.37
Sr 0,04 -—— .
K 1.10 0.22 0.88
Na 30.61 37.09 35,02
Si 0,01 --- 0.05
Fe 0. 0001 --- 0.24

Sampled intervals of sat from mines and
cored wells have shown that water-insoluble
residues are composed amost wholly of an-
hydrite grains, except those for short sections
in wells at Choctaw, Bryan Mound, and Pierce
Junction. Traceamounts of a number of minerals
occur in certain of the localities, particularly
Choctaw.

Distribution of the minerals identified in
residues from 37 salt domes that were examined
is illustrated in table 2. A limited mineral suite
is present at most salt domes, typically including
anhydrite, dolomite, quartz, calcite, and pyrite.
Anhydritegrains, consisting of both crystal forms
and cleavage fragments, are strikingly similar
at al localities extending from Mclntosh, Ala-
bama, across Mississippi, Louisiana, Upper
Gulf Coast of Texas, to Palangana in South Texas.
A few salt domes are characterized by distinc-
tive assemblages, such as Choctaw with rare
and abundant borates: boracite, danburite, hil-
gardite, and parahilgardite. The only other
known occurrence of these last two borates is at
Heidelberg salt dome, Mississippi. Recently
another new borate mineral, chambersite, was
described from brine wells at Barbers Hill,

Texas, and Venice, Louisiana. Further studies
of water-insoluble residues from salt domes are
desirableto aidindetermining stratigraphy of the
mother salt bed.

Large inclusions of rock occur inthe salt or
cap rock a several domes, including fragments
of Lower Cretaceous limestone a McFaddin
Beach, Texas, and Eocene shale at Bryan Mound
and Pierce Junction, Texas, and Bayou Bleu,
Louisiana. Large sedimentary sandstone inclu-
sions at Avery Idand and Jefferson Idand, Louisi-
ana, and quartzite at Belle Isle and Jefferson
Island indicate plucked fragments of rocks con-
temporaneous with or older than the salt. Inclu-
sions of anhydrite rock fragments are common.

An unusual series of anhydrite beds inter-
calated in the salt was encountered in 20 feet of
core directly below cap rock in an oil test at
an offshorelocality (Block 30, West Delta, Louisi-
ana). Imbrication and fragmentation of anhydrite
bands in the core reflect great stresses encoun-
tered during salt intrusion. Petrographic thin
sections of massive, indurated anhydrite cap
rock just above the salt illustrate the detrital
nature of anhydrite cap rock with its typical
composition of anhydrite grains resembling those
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FIG. 4. Percentages of water-insoluble residues in salt from Bryan Mound and

Stratton Ridge salt domes, Texas.

from salt residues.

In an earlier paper, the writer (Taylor, 1938)
traced a distinctive suite of minerals from the
salt residues into the cap rock. In particular,
distinctive dolomite rhombs and quartz rosettes
of the salt residuesweretraced into the anhydrite
cap rock in detrital positions with anhydrite
grains, upward within the cap rock into gypsum
of the transition zone, and into the overlying
calcite zone. Of particular significance also
was replacement of the dolomite rhombs, with
the retention of the distinctive nucleus, by both
gypsum and calcite. On the basis of petro-
graphic evidence, there seems to be no other
tenable conclusions than that, like the gyps hut
of the German salt domes, anhydrite cap rock of
the Gulf Coast salt domes is a residual accumu-
lation of the water-insoluble residue leached
from the salt. The difference between the rela-
tively thin gyps hut of German salt domes and
the thick, massive anhydrite cap rock of Gulf
Coast salt domes results from the difference in
the inclusions in the salt of the two regions. Of
interest in this connection is the discovery that
in sulphur prospects drilled in the Texas Federal
offshorelands of the outer continental shelf, only

athin capping of gypsum and shale overlies the
shallow salt domes. Inclusions in the shallow
salt are clay and fine-grained anhydrite. These
outer shelf salt domes are separated from those
near shore and on shore, which possess typical
Gulf Coast anhydrite cap rock and salt, by the
Heald Bank structural high, along which salt
domes have not been found. The outer shallow
salt domes undoubtedly drew their salt from a
different sequence of salt beds, or possibly from
a separate salt depositional basin.

Other minerals of significant occurrence in
the cap rock have been derived by alteration of
the anhydrite. Gypsum has been formed directly
from anhydrite by hydration. Compilation of field
data has determined that in Gulf Coast areas,
such as Sulphur, Louisiana, where stable condi-
tions have existed well into the Pleistocene, gyp-
sum does not occur below a depth of 1,000 to
1,500 feet because of pressure-temperature re-
lations that govern its stability. Anhydrite occurs
below this depth, unless rapid burial or subsi-
dence has occurred. As pointed out by Marcus I.
Goldman, who conducted the original studies of
the Sulphur, Louisiana, cap rock, a study of
gypsum-anhydrite relations at salt domes across
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Table 2. Chart showing distribution of minerals and other inclusions in water-insoluble

residues from 37 Gulf Coast salt domes.

SALT DOMES

BEDDED
SALT

La,

COMMON MINERALS

Bay, La.
La.

(Approximate
Order of
Abundance)

La.

La.
Lake Hermitage, La.

Jefferson Island, La.

La.
Tex.

La.
Stratton Ridge, Tex.
Blue Ridge, Tex.
Shell-Prince #1, Tex.

Jennings, La.
Sulphur, La.

Sikes,

Anhydrite

X| Humble-Williams #1, Ala.
X|] Danciger-York #1, Ala.

X] Gibsland,

X

X[X] Garden lIs.
XiX] Venice,

Dolomite

X|X{X| Midway, Miss.

X|X| Hoskins Mound, Tex.

XiX

XiX
X|Xi{Xl! Pierce Junction, Tex.

XI{X|X} Barbers Hill, Tex.

XiX|X| Arcadia, La.
X[XIX}] Fannett, Tex.

XIX{X] McIntosh, Ala.
X|X|X| Petal, Miss.
X[X|X]| Caminada Pass,
X|XIX] Clovelly, La.

Calcite

X{X{X{X|{ Darrow, La.

X
XIX|XIX
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the Gulf Coast can help provide accurate data on
recent tectonics and sedimentation rates in the
Gulf Coast.

Petrographic studies have revealed that
sulphur has replaced anhydrite and seemingly to
a lesser extent, gypsum; thecorroded appearance
of partly replaced anhydrite grains and the sul-
phur pseudomorphs after anhydrite as revealed
inthin sections are particularly striking evidence
of this relationship. Thin sections of the “dis-
seminated” sulphur of the mines show direct
replacement of the anhydrite by both sulphur and
calcite. Important amounts of sulphur also occur
as veins along partings and fractures, and as
vug fillings.

Alteration of the anhydrite and gypsum to
sulphur and calcite is a much less understood
process than hydrationto gypsum, although it has
been accorded a great deal of attention at salt
domes of the Gulf Coast and Mexico, as well as
in Sicily and elsewhere (Feely and Kulp, 1957;
Thode et al. , 1954; Dessau et al. , 1962).

Early workers, particularly in Sicily, con-
sidered all sulphur to be of volcanic origin. An
inorganic origin also was suggested in which

hydrocarbons reduced sulphates to hydrogen
sul phide. Repeated laboratory experiments
showed, however, that temperatures of 1000

degrees Fahrenheit, or higher, were required.
In 1915, Walter Hunt published an extensive
treatise on the origin of Sicilian sulphur deposits
associated with gypsum and marl. He concluded
that sulphate-rich brines were reduced to hydro-
gen sulphide by bacterial action in isolated
lagoons at the time of deposition of the gypsum
and marl. The sulphur either was deposited
directly from hydrogen sulphide or inlater stages
after concentration as a calcium polysulphide.
Recently published results of petrographic studies
conducted on extensive suites of sulphur mine
samples from Sicily, supplemented by spectro-
graphic studies (Dessau et al. , 1962), substanti-
ate a bacterial origin. Results of similar studies
in the south of the U. S S R. over a period of
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years by Murzaiev (1937) and Vinogradof (1956)
seem to confirm the importance of bacterial
action. Large deposits south of Mosul, Iraqg, in
the Miocene Lower Fars gypsum beds associated
with bitumen, which were explored by the Rus-
sians, also are considered by them to be of bac-
terial origin.

The association of native sulphur and calcite
with hydrocarbons, anhydrite, and gypsum cer-
tainly is a persistent one and characterizes al
salt dome deposits. The possibility that bacteria
have been the agent of alteration in the Gulf Coast
sulphur deposits has been the subject of investi-
gation over the past fifteen years. H. G. Thode
and associates of McMaster University (Thode
et a., 1954) conducted the first work along these
lines as an outgrowth of attempts to use sulphur
isotope ratios as means of determining ages of
sulphide ores. Using isotope values of sulphur
from meteorites as a standard, theratio of heavy
to light isotopes is consistently lower for Gulf
Coast sulphur. Sulphur in anhydrite from salt
and sea water also displays similar low ratios,
but not as low as Gulf Coast sulphur. By con-
trast, volcanic sulphur has somewhat variable
ratios, but ones consistently higher than for cap
rock sulphur.

Experimental work by Thode and associates
(1954) determined that known bacterial sulphur
had distinctively lower isotope ratios, compa-
rable to those of Gulf Coast sulphur. Further
work indicated that bacteria have the faculty of
fractionating heavy sulphur isotopes when they
attack sulphates, reducing the amount of the heavy
sulphur isotope in the resulting sulphur that they
produce. From this it was concluded that Gulf
Coast sulphur has been formed from anhydrite
and gypsum—or sulphate brines—as a result of
bacterial action, with probable utilization of
hydrocarbons as a nutrient.

Isotope studies of Gulf Coast sulphur were
subsequently conducted by Feely and Kulp (1957).
These workers confirmed the findings of Thode
and associates and also determined that the car-
bon isotope ratios for carbon in calcite from
sulphur-bearing cap rock were very close in
value to those for carbon in petroleum, and con-
sistently lower than for carbon in chemically
precipitated calcite. To check the sulphur iso-
tope findings, Feely and Kulp (1957) cooperated
in experiments at Rutgers University in which
sulphur bacteria obtained from cultures secured
from oil fieldwaters were nurtured on petroleum
derivatives. The more recent isotopic studies
of Dessau et a. (1962) on Sicilian sulphur, pre-
viously mentioned, also indicate a bacterial
origin.

In our present knowledge of the origin of
sulphur in major sulphur deposits of the world,
therefore, we must conclude that bacterial action
provides the most acceptable explanation. The

chemistry involved is fairly straightforward,
calling for organismsto reducethe sul phate, pro-
ducing hydrogen sulphide which then oxidizes to
elemental sulphur, accompanied by the release
of calcium which combines with carbon dioxide
to form calcium carbonate. The environment in
which the changes occur is readily explained for
deposits where native sulphur is a contemporary
sedimentary deposit, as believed, in Sicily and
the south of the U. S . S R. Modern locdlities are
known where bacteria are reducing sulphate
brines with release of hydrogen sulphide and
deposition of sulphur and calcium carbonate.

In the cases of the Gulf Coast, West Texas,
the Isthmus of Tehuantepec, Mexico, and Mosul,
Iraq, where consolidated anhydrite and gypsum
apparently are replaced by sulphur and calcium
carbonate on a grand scale, the environment is
not easy to reconstruct. Laboratory work has
shown that hydrogen sulphide will replace an-
hydrite and gypsum with elemental sulphur,
suggesting that bacteria have reduced the sul-
phate in brines to provide the hydrogen sulphide.
It is not known, however, whether sufficient
amounts of rich sulphate brines can be assumed
to be circulating in the consolidated formations
to account for large sulphur deposits. Analyses
of subsurface brines and sulphur formation from
sulphur mines by Professor Lehman,* University
of California, revealed living sulphate-reducing
bacteria; however, the subsurface samples in all
probability were contaminated by surface waters
which are rich in sulphate-reducing bacteria.
Brines from deep oil wells were reported to con-
tain sulphate-reducing bacteria by Zobell (1951);
here again, the question of contamination arises
to cast doubt on this finding.

There is good evidence that large Gulf Coast
sulphur deposits were formed at very shalow
depths, quite possibly at or near the bottom of
the sea or connecting shallow bays or lagoons.
The evidence includes the common occurrence
of shales interbedded with sulphur formation
around the periphery of the cap rock, the ex-
istence of fringing coral reefs as previously
mentioned, and the eroded upper surface of the
cap rock a anumber of the shallow Texas salt
domes. At the time that Dessau (Dessau et al.,
1962) was conducting studies of Sicilian sulphur,
lengthy discussions were held with him by the
writer, attempting to interpret conditions for the
Gulf Coast sulphur deposits similar to those indi-
cated for Sicilian sulphur deposits. Professor
Dessau plans to study core samples from Grand
Isle Block 18, offshore Louisiana, where good
cores were obtained of the shales interbedded
with sulphur-bearing rocks.

Improved methods of coring in recent years

* Sample collection observed by writer at Lake
Washington mine of Freeport Sulphur Company.
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have provided much better samples and hence
more information about cap rock has been ob-
tained, particularly at the more recently devel oped
sulphur mines. Studies of these newer mines,
including detailed petrographic and spectro-
graphic analyses of cores, as well as considera-
tion of the stratigraphic and structural relation-
ships of both the interbedded and adjacent sedi-
ments, can not only improve our understanding
of the genesis of the sulphur deposits but also of
the environment in which the entire cap rock was
formed, and of the history of the uplift of the salt

domes.

The economic importance of salt-dome cap
rock as a source of sulphur is, of course, of
greatest significance. In addition to potential
discoveries inthe offshore area of Louisiana and
Texas, there are similar types of saline struc-
tures that are currently under exploration in the
Isthmus of Tehuantepec, Mexico. Recent develop-
ments in Poland, Iraq, and the U. S S R. lead to
speculation that there must be other areas of
evaporiteswithpossibilitiesfor discovery of large
Frasch-type deposits. Figure 5 shows distribu-
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tion of salinedeposits inthe western hemisphere,
and Figure 6 illustrates distribution for the
eastern hemisphere.

Cap rock has been an important petroleum
reservoir, providing the production at Spindle-
top, the first salt-dome oil field discovered on
the Gulf Coast. Although there was large produc-
tion from cap rock at a few other salt domes,
production from this source at the present time
is quite minor. As previously mentioned, both
limestone and gypsum have been quarried from
cap rock at outcrops in Louisiana and Texas.
Currently, some gypsum and anhydrite are being
quarried from cap rock a Winnfield, and recent
scouting reports state that Freeport Sulphur

Company has acquired the gypsum deposit at
Gyp Hill—ostensibly for recovery of the sulphur
from gypsum.
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INTERNAL STRUCTURE AND PETROFABRICS OF GULF COAST SALT DOMES*

William R. Muehlberger and Patricia S. Clabaugh
Department of Geology
The University of Texas at Austin
Austin, Texas

ABSTRACT

Internal structures and preferred orientation of halite crystals inGrand Saline salt
dome, Texas, and Winnfield salt dome, Louisiana, indicate emplacement of the stocks
by successive differential movement of spines and lobes. Differences in intensity of
shear folding and varied degrees of preferred orientation inthese and other Gulf Coast
salt domes suggest that mines within the domes are at different structural levels and

that movement of the salt has, in some cases, been very complex.

Study of the pre-

ferred orientation of bedded salt from Oklahoma showed that it increases with depth.

INTRODUCTION

Of the more than 300 salt domes in the Gulf
Coast region of theUnited States, only eight have
mines in which the internal structure of the salt
can be studied. Two of these are in Texas; the
rest are in Louisiana (Kupfer, 1963). Inasmuch
as the mines themselves occupy only small parts
of the domes, mapping within them affords only
a limited sample of the structure, andthewriters’
extrapolations and conclusions admittedly are
based on fragmentary data. Nevertheless, it
appears that individual Gulf Coast salt domes have
been intruded as pencils, or spines, and indi-
vidual lobes. Furthermore, differential uplift,
that is, uplift of one part of thedome at one time
and of another part at another time, also has
been demonstrated by study of the sedimentary
section on and surrounding the domes (Atwater
and Forman, 1959). The writers’ purpose is to
discuss some of the data accumulated from the
interior of the domes and the conclusions de-
rived therefrom. Much of this is published in-
formation; therefore, this paper will review the

*Reprinted with permission from “Diapirism and
Diapirs,” pp. 90-98, Memoir No. 8, American
Association of Petroleum Geologists.

The writers are indebted to D. E. Feray,
who took the mine photographs; T. E. Longgood,
Jr. , who assembled the photomosaic (Fig. 3); and
L. W. Bridges, W. T. Haenggi, T. E. Long-
good, Jr., B. E. St. John, and E. L. Trice, Jr. ,
who assisted in the mapping at Grand Salineg;
Haenggi also assisted in the work at Winnfield
dome. Louise Jordan furnished the cores of
bedded salt from northwestern Oklahoma. The
writersalso aregrateful tothe mine officialswho
permitted access to the mines and helped in many
ways, and to the Houston Geological Society and
the Texas Bureau of Economic Geology for per-
mission to republish certain illustrations.

earlier work and present some newer data be-
lieved to support the case for differential uplift.

PREVIOUS STUDIES

Robert Balk published the first major study
of internal structures of Gulf Coast salt domes.
His comprehensive paper on Grand Saline (1949)
was followed by a companion paper on Jefferson
Island (1953). These papers formed a solid foun-
dation of basic data and cautious interpretation
for al later studies.

Thedoubling in size of the mine in the Grand
Saline salt dome furnished an opportunity to ex-
pand on Balk’s studies there. Muehlberger and
students produced a map, a short text, and photo-
graphs of features exposed in the mine (Muehl-
berger, 1959). Some of these photographs are
included inthis paper to illustratethe main struc-
tural features observed. Maps of salt structure
in Winnfield dome (Hoy et a., 1962) and Weeks
Island (Kupfer, 1962) have been published, and
structure maps now are available for all salt
mines (Kupfer, 1963).

Petrofabric study of halite and anhydrite by
Clabaugh was begun in Grand Saline dome (Cla-
baugh, 1962) and later expanded to Winnfield
and Hockley, unoriented cores from Tatum dome,
Mississippi, and bedded salt from western Okla-
homa. Data and conclusions from these studies,
as well as more recent unpublished work by the
writers, are presented in this paper.

GRAND SALINE SALT DOME

The most extensive work by the writers was
done in Grand Saline salt dome in northeast
Texas. At the mine level, about 800 ft below
ground level, the dome is about 8, 000 ft across.
Gravity measurements suggest that the dome is
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nearly cylindrical, although there is probably an
overhang along the eastern side (Peters and
Dugan, 1945). The mine itself is about 1,800 by
3,000 ft (inset map on Fig. 4 shows location of
mine indome at minelevel). It consists of rooms
60-80 ft wide alternating with unmined pillars of
salt of about the same size. Heights of different
rooms range from 25 ft in some of the newest
workings to 100 ft in the oldest.

FIG. 1.

pure salt layers are light. Thus each bed should
grade upward from dark to light, with a sharp
return to dark in the next overlying bed. This
implies a deposition in a closed basin where re-
current floods replenished the water supply.
Obviously this idealized situation will be realized
rarely. Reversals of grading havebeen observed
inthe mines (as well as in bedded salt at Hutchin-
son, Kansas), and this criterion for determining

View of folds exposed in ceiling near northeast edge of Morton Salt Co. mine, Grand

Saline salt dome, Van Zandt County, Texas. Ceiling more than 100 ft above camera. Short straight

lines are 6-8-ft drill shot holes.

DESCRIPTION OF STRUCTURAL FEATURES

Thewalls of theminetypically show alternate
dark and light layers of uniformthickness stand-
ing vertically. The ceilings show the samebands
in a series of complex folds. Figure 1l is a photo-
graph of a single fold exposed on a 100-ft-high
ceiling. The short, straight, dark lines are shot
holes, each of which is from 6 to 8 ft long. It
should be noted that the shape of the fold changes
abruptly. The layers become parallel as the fold
dies out just out of view. The folds themselves
plunge nearly vertically, and the effect is similar
to that seen by looking upward at thefolds of cur-
tains or drapes.

The tops and bottoms of individual beds can
be recognized inFigure 1, even though thesebeds
are now nearly vertical. The evaporation of sea
water produces a chemically graded bed that is
rich in anhydrite near the bottom and grades up-
ward into nearly pure salt. The anhydrite-rich
layers are seen as dark bands and the nearly

From Muehlberger (1959, PI. V).

“tops,” especially in such highly disturbed bed-
ding, must be used with caution (Kupfer, 1962,
p. 1466).

Shear folding is the most common structural
feature in the mine. Individual layers can be
traced for various distances— some as far as
1,000 ft—before attenuation, dust cover, or
intervening unmined pillars of salt prevent de-
tailed correlation.

In a few places the layers close on them-
selves. The closureillustrated in Figure 2 can
be interpreted as being either the top of an anti-
cline (or the bottom of a syncline) or the pinched-
off end of an isoclinal fold that reopens out of the
field of the illustration. Large pillars nearby
conceal the critical data needed to resolve this
problem. The fold shown in Figure 3 has been
refolded, as indicated by the distortion of the
axial-plane cleavagesvisible on each limb. Most
of the closures recognized in Grand Saline are in
or near structural discontinuities.
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GIANT SALT CRYSTALS

One of the most interesting features in Grand
Saline salt dome is the giant salt crystals. Crys-
tal faces 1-3 ft across are common in the giant
crystal beds. The largest single crystal (or
crystal group with almost identical crystallo-
graphic orientation) that was identified is about
4 ft wide, 20 ft high, and 100 ft long, as traced
along the ceiling. These giant-crystal layers,
which are beds of nearly pure salt, are bounded
by anhydrite-rich layers. The correlation be-
tween purity and grain size is excellent throughout
the mine; the coarsest salt is that which has the
least included anhydrite. (These beds are indi-
cated by a special symbol on the map, and one
group of giant crystals is shown on PI. Il C and
Pl. IV A of Muehlberger, 1959.)

INTERPRETATION OF STRUCTURE

Figure 4 is an interpretive map of the bed-
ding and structure mapped in Grand Saline salt
dome. No single bed can be traced throughout
the mine. Thelinesdrawn onthe map are parallel
with the observed bedding. Figure 4 illustrates
the sweep of the folds and is more indicative of
the entire structure than the detailed map (Muehl-
berger, 1959), which showsmyriads of individual
beds and folds. Two prominent lines of discon-
tinuity, or at least abrupt changes in fold-trend
orientation, are found along nearly east-west
lines in the south-central and northwestern parts
of the mine. These lines are nearly parallel
with the regional fault pattern and suggest that
faults in the sedimentary overburden may be
related to uplift of this part of the dome. Move-
ment on a particular fault may have produced a
local stress minimum which then localized the
salt uplift to that zone. These changes in trend
also can be seen in the central map of Figure 5,
which shows the traces of the axial planes at the
mine level.

PETROFABRIC STUDY

The petrofabric diagrams in Figure 5 show
that a significant number of the salt crystals are
oriented similarly, indicating that the salt move-
ment occurred along crystal glide planes. Be-
cause the salt moved in a direction parallel with
the axial planes of the folds, the traces of these
planes are shown. In contrast to normal petro-
fabric plotting, all three axes of each salt crystal
must be plotted because isometric minerals have
no single axisthat uniquely definesthe orientation
of a crystal. The contouring is based on the per-
centage of total points, not crystals. Thus a 5-
per cent point maximum really represents a con-

FIG. 2. Small closed fold exposed in ceil-
ing in south-central part of Morton Salt Co. mine,
Grand Saline salt dome. Length of closure shown,
about 10 ft. From Muehlberger (1959, PI. Il D).

centration of axes from 15 per cent of the crystals.
The area of the largest maximum in diagram D
(Fig. 5) actually includes axes from about 25 per
cent of the crystals measured in that sample.

Study of the crystal glide planes of salt shows
that where one of thethree maxima is inthe axial
plane of a fold, gliding took place parallel with
dodecahedral planes. Where two maxima are
within the axial plane, gliding was parallel with
cubic planes. Possible glide directions can be
located from these orientation diagrams with
reference to the axial planes of the folds; these
directions are not parallel in different parts of
the dome. The writers believe that this further
confirms the idea of differential uplift of the
dome.

Some of the diagrams show better preferred
orientationsthan others. The poorer orientations
could be explained as resulting from simultaneous
movement along both cubic and dodecahedral glide
planes indifferent crystals withinthe mass of the
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FIG. 3.

Refolded closed fold exposed in ceiling in south-central part of Morton Salt Co. mine,

Grand Saline salt dome. Axial-plane cleavage shownby shear folds hasbeen folded into an arc parallel

with elongation of fold.

samplemeasured. However, it sesemsmorelikely
that mixed patterns represent successive move-
ments of the salt in different directions. A dia-
gram of the mass of salt measured to produce
diagram A, Figure 5, for example, probably
would be more like diagram C if the mass of salt
were moved in a different direction for a long
enough time. The diagrams which show the best
preferred orientations (A and D) are from the
northern part of the mine. In diagrams of the
southernmost part, closer to the margin of the
dome, the preferred orientations are relatively
poorly defined. The salt in the southern area is
also finer grained andvisibly more strained than
the coarse-grained, better-oriented salt farther
from the dome margin, which probably indicates
a higher strain-rate differential nearer the
margin.

WINNFIELD SALT DOME

The writers have done similar work in Winn-
field salt dome in northwestern Louisiana. The
interpretation of the gross structural features,
derived from the map by Hoy et a. (1962), is
shown in Figure 6. Some of the samples from
this mine show a well-devel oped preferred orien-
tation of the salt.

Diagram D, Figure 6, is the only example of
highly preferred orientation, although the concen-

Length of fold shown is about 35 ft.

From Muehlberger (1959, Pl. VI).

trations in the other diagrams aretoo great to be
considered statistically random. The lack of geo-
metric arrangement of these maxima seems to
suggest movement in several different directions
by the masses of salt which were sampled, inas-
much as uniform directional stress over a long
period of time should produce a general align-
mentofthesaltcrystal saffected. | Nnfact,move-

ment probably has occurred relatively recently.
This is suggested by a survey by Muehlberger of
awater-etch linethat was created accidentally 27
years ago when the mine was flooded for several
months. This line is no longer flat, although the
maximum change has been only a few inches.

WEEKS ISLAND SALT DOME

Figure?7 is the writers’ interpretation of the
map published by Kupfer (1962) of the Weeks Island
salt mine. The figure shows characteristic folds
with smooth, rounded shapes which give the im-
pression that the entire mass has flowed. This
pattern is very different from that of the shear
folding typical of the structures in Grand Saline
and Winnfield domes. The abrupt changes in
strike resulting from the refolding of older folds
during differential uplift of the salt are clearly
visible (and also are shown in slightly different
style by Kupfer). The topographic prominence
over the dome, in conjunction with the lack of
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FIG. 4. Interpretation of salt structure, Morton Salt Co. mine, Grand Saline salt dome. Lines
drawn parallel with observed bedding in mine. Mine workings shown by dashed lines. Location of
mine within dome at the mine level is shown in inset map, lower right. From Muehlberger et al.
(1962, p. 274).
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FIG. 5. Outline map of mine in Grand Saline salt dome and petrofabric diagrams of halite show-
ing trace of axial planes (S;) of folds at mine level. Lower hemisphere projection. A, 600 points
(200 crystals); B-F, 300 points (100 crystals). Modified from Clabaugh (1962).
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FIG. 6. Petrofabric diagrams of halite and map showing interpretation of salt structure (derived
from Hoy et al., 1962, p. 1450-1451) in mine in Winnfield salt dome, Winn Parish, Louisiana. A-F
are 300-point diagrams (100 crystals).
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FIG. 7. Interpretation of salt structure in
mine in Weeks Island salt dome, Louisiana. De-
rived from Kupfer (1962, p. 1462-1463).

cap-rock development, indicates that uplift has
occurred recently. The appearance of these
internal and external features of the dome also
suggests recent movement, and the writers pre-
dict that future salt-fabric studies will confirm
it (by finding mixed cubic-dodecahedral patterns
or a lack of clearly defined maxima).

The complex fold structures of the salt in
the Weeks Island mine seem to indicate that the
mine is in a structurally high horizontal position
in the dome where interference between adjacent
parts of the moving salt mass has produced in-
numerable distorted and sheared-off folds. The
horizontal positions of the mines in Winnfield and
Grand Saline salt domes apparently are structur-
ally lower or deeper, as shown by broader scale,
more consistent fold patterns, as well as thick
cap rock. Topographic depressions over Grand
Saline and Winnfield domes indicate that uplift,
if it still is going on, is proceeding more slowly
than solution. Unpublished maps made by the
writers of the few structures visible in the mine
at Hockley dome suggest that it, too, is a struc-
turally low cross section.

OTHER EXAMPLES

Additional petrofabric diagrams have been
made of samples from Tatum dome in Lamar
County, Mississippi, and from Hockley dome
northwest of Houston. Well-oriented fabric pat-
terns werefound, but the writers havelittle addi-
tional structural data to which to relate them.

The simplicity of the internal structures and the
excellent fabric orientation of the one petrofabric
sample from Hockley dome seem to indicate sta-
bility and lack of recent differential movement.

Petrofabric studies alsowere made of a core
of undeformed bedded salt from Beaver County,
Oklahoma (Fig. 8; see also Jordan, 1962). This
salt is coarsely crystalline and apparently was
recrystallized during compaction. The fabric
patterns indicate a consistent tendency of the
bedded salt crystals to be oriented with a cube
corner up (octahedral plane parallel with bed-
ding). A more systematic orientation is evident
in the diagrams made from samples taken at
progressively greater depths.

CONCLUSIONS

Structural data from the interiors of salt
domes are of two kinds. First, mapping of the
layering and the structural interpretations de-
rived from this mapping show refolded folds and
discontinuities, indicating that the domes have
histories of uplift far more complex than those
suggested by Nettleton’s fluid model (1934, 1943),
in which alow-density oil flows upward in atear-
drop shape through a more dense oil. Second,
petrofabric studies have demonstrated empirically
that the salt moves on crystal glide planes, and
that there are two glide symmetries. Further-
more, certain areas within the domes have much
more poorly developed orientation patterns than
others, probably as a result of more recent
differential movements of the salt. These recent
movements may have destroyed older preferred
orientations caused by steady movements of the
salt that produced well-oriented fabrics such as
those found in the deeper or more central parts
of the domes. Petrofabric analysis also demon-
strates that bedded salt may show remarkably
good preferred-orientation patterns, which are
increasingly better with depth.
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FIG. 8. Petrofabric diagrams of halite from four sections of a vertical core in Cimarron An-
hydrite, western Oklahoma. Depths to samples:. A, 1,490 ft; B, 1,530 ft; C, 1,630 ft; D, 1,715ft.
Direction of north in core is unknown. Contoursin per cent: 1, 2, 3, etc., of total points measured.
Solid areas are 3-4 per cent; areas within solid zones are higher—in diagram D, amounting to 6 per
cent of points measured (18 per cent of crystals). Diagrams A, B, and C contoured on 150 points (50
crystals); diagram D, 300 points (100 crystals).
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GEOLOGICAL EXPLORATION WITH A MAJOR CHEMICAL COMPANY
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ABSTRACT

Almost every major chemical company employs geologists and conducts some
kind of geological problem; however, the manner in which geologists are used and
the geological programs conducted vary greatly among the companies. A company
originally established to manufacture chemicals is not as likely to use and rely on
geologists to the extent that oil and mining companies do. Policies and philosophies
developed to fit the original enterprise often strongly influence approaches to problems
and methods of operation in other fields. It appears that most large corporations
whose principal products are based on initial- and intermediate-stage processing of
geological raw materials are integrating backward and forward and that the time is
near when so-called Qil, Mining, and Chemical companies could better be classified
as Mineral Resource companies.

A great variety of minerals are used as raw materials by the chemical industry
in enormous amounts. Several companies use their geologists only to keep up with
the general supply situation. M ost chemical companies undertake mining or geological
exploration and acquisition of reserves only if (1) a company-developed process or
surplus products produced by the company canbe profitably applied to mining and/or
processing of a given mineral deposit, or (2) dependable sources of supply, at pre-
dictable costs, are needed to back up production or research.

The major chemical companies are well equipped to conduct geological explora-
tion, and several of them have conducted many successful projects. There are ad-
vantages and disadvantages for exploration geologists working for a major chemical
company. Among the principal advantages are: (1) chemical companies are strongly
research-minded; (2) they have excellent analytical facilities; and (3) their various
research departments provide expertise inbasic and applied sciences and technology.
Disadvantages include: (1) narrow scope of geological interests—insofar as explora-
tion is concerned; (2) general lack of knowledge and understanding, on the part of
management, of geology and the geological approach; and(3) their economic valuation
practices are generally not applicable to geological projects.

While employed as an economic geologist with amajor chemical company (1953-64)
the writer was involved in investigations of minerals ranging from alunite to zircon.
Successful exploration projects were conducted for fluorspar, limestone, beryllium,
thoriumand rare earths, and tellurium. Reserves of several mineralswere acquired,
and a major fluorspar mining and milling operation in Mexico was started. The major
chemical companies will have increasing need for well-trained, energetic, and
imaginative geologists.

Almost every major chemical company em-
ploys geologists. Hundreds of geologists are em-
ployed in the so-called chemical industry. How-
ever, the manner in which geologists are used
and the geological programs vary greatly among
the companies, principally because no two com-
panies are alike. How does a major chemical
company differ today from a major oil company,
or a major mining company, etc. ? Once it was
easy to classify a company on thebasis of its ac-
tivities: oil companies produced, refined, and
marketed oil and gas; chemical companies manu-
factured and sold certain chemicals and chemical
products; mining companies mined, beneficiated,
and sold certain minerals or mineral products.

Today, oil companies not only produce and re-
fine crude oil, but many are engaged in various
mining and chemical activities; some mining
companies are producers of chemical products
and oil and gas, as well as minerals and mineral
products, and many major chemical companies
own and operate oil and gas and mining divisions.
It appearsthat all large corporations whose pro-
ducts are based on initial- and intermediate-
stage processing of mineral raw materials are
integrating backward and forward, and that the
time is near when oil, mining, and chemical
companies should be classified as mineral re-
source companies.

Where strictly geological products are con-
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cerned, a company originally established to
manufacture chemicals, a chemical company, is
not as likely to use and rely on geologists to the
extent that oil and mining companiesdo. Policies
and philosophies developed to fit the original
enterprise often strongly influence methods of
operation and approaches to problems in other
fields.

Most chemical companies are not interested
in mining per se. They generally employ geolo-
gists and become involved in geological activities
for one or more of the following reasons:

1. To provide planners, production
managers, and purchasing departments up-to-date
information on reserves, availability, location,
and costs of certain mineral raw materials; for
example, the principal assignment of several
geologists employed by one major company is to
keep up with sources of supply, production costs,
etc. , on fluorspar, titanium, and a few other
commodities.

2. To gather information on reserves,
availability, location, costs, etc., of certain
minerals as back-up support (insured supply) for
chemical process research, planned or in prog-
ress; for example, one major chemical company
conducted an extensive survey of fluorspar occur-
rences for this reason.

3. To locate and possibly acquire re-
serves of minerals or ores, the processing of
which would consume excess or waste products
generated in existing or planned manufacturing
processes; for example, to find ores or mineral
deposits, the beneficiation of which might use
surplus HC1.

4. To gather information on reserves,
or to find, explore, and recommend acquisition
of reserves, of certain mineral assemblages
amenable to beneficiation or refinement by com-
pany-developed, patented processes.

5. To find, explore, and assist in de-
velopment of deposits of certain mineral raw ma-
terials basic to major product lines of the com-
pany; for example, deposits of rock salt, brines,
and calcium and magnesium carbonates, or hydro-
carbons (for use in the manufacture of organic
chemicals) for a company like the Dow Chemical
Company.

6. To find, explore, and assist in de-
velopment of deposits of certain minerals con-
sumed in appreciable quantities, the price of
which commonly fluctuates greatly because of
cartel manipulations, or for other reasons; for
example, mercury, large quantities of which are
used in mercury cells in the manufacture of
caustic.

The major chemical companies are well
equipped to conduct geological exploration—
better in many ways than some large, conven-
tional (“old lin€”) mining companies. There are
advantages and disadvantages for exploration

geologists working for a chemical company.
Among the advantages are:

1. Chemical companies are strongly
research-minded; research is vital to their ex-
istence.

2. They maintain excellent analytical
laboratories and constantly work to improve ana-
lytical techniques.

3. Thevariousresearch departments of
chemical companies provide expertise in basic
and applied science and technology.

4. Chemical companies are, in general,
progressive organizations.

Disadvantages include:

1. General lack of knowledge and under-
standing, on the part of management, of geology
and the geological “point of view” or the un-
certainties of exploration.

2. Narrow scope of real geological
interest.

3. Expertise is scattered among too
many departments; difficult to mobilize.

4. Economic valuation practices com-
monly used by chemical companies are usually
not applicable to geological projects—short-
term process obsolescence vs. long-term ex-
ploitation of large mineral reserves.

I was employed by a major chemical com-
pany as an economic geologist for nearly 12
years. My assignments included planning and
supervising several geological projects ranging
from literature surveys through exploration and
development. Our group was not concerned with
oil and gas because the company owned and oper-
ated a separate oil and gas division. The com-
pany with which | was associated manufactures a
large number of organic and inorganic chemicals
and chemical products, ranging from acetylene
to xanthates, with sales in excess of one billion
dollars per year. Enormous amounts of a great
variety of minerals and mineral products are
consumed by a major chemical company. Pur-
chasing agents have a heavy responsibility to
keep production and research departments sup-
plied with mineral raw materials, and geologists
play an important role in keeping buyers informed
about these materials, especially those in short
supply.

Although the company with which | was em-
ployed started by “mining” brines from sub-
surface formations, and still “mines” brines,
as well as rock salt, oil and gas, seawater, and
fluorspar, it has little interest in mining as a
means of making money—only as a means of
supply. Geological exploration and acquisition
of reserves and mining were not automatically
ruled out, but such projects were undertaken
only if:

1. A company-developed process or
products produced by the company could be ap-
plied profitably to mining and/or processing of a
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particular mineral deposit, and

2. Sure sources of supply of certain
minerals, at predictable costs, were needed to
back up production or research planned or in
progress.

Serving the needs of purchasing, research,
and production departments, the geological
group which | headed studied, investigated, and
reported on many different commodities, includ-
ing: alunite, beryllium, cesium, lithium, iodine,
uranium, thorium, rare earths, rutile, ilmenite,

mercury, molybdenum, manganese, bismuth,
tungsten, nickel, tellurium, clays, rock salt,
brine, oyster shell, limestone, dolomite, magne-

site, lignite, fluorspar, and ground water. Need-
less to say, we were spread pretty thin much of
the time, but it was excellent experience. Many
of the investigations never went beyond literature
surveys; some proceeded through field reconnais-
sance surveys; and a few advanced through various
stages of exploration and development. Explora-
tion work was done on fluorspar, lithium, berylli-
um, mercury, limestone, dolomite, oyster shell,
uranium, thorium, and tellurium. Reserves of
several minerals were acquired, and one full-
scale mining and milling operation was started.

Thenormal geological program of the company
did not include exploration, and, in a sense, ex-
ploration was an “extra-curricula” assignment
for the geological group. Each exploration pro-
ject had to be “sold” to top-level management by
the geologists, with support from interested re-
search or production departments. Many factors
were involved, and interest in exploration waxed
and waned. In general, there was lack of under-
standing on the part of management of the time
required to plan, organize, and conduct an explo-
ration project. In spite of the many inherent
difficulties, however, exploration projects were
approved from time to time, and our group never
lacked for interesting and challenging assign-
ments.

One project in particular stands out as a
classic example of the right way to approach ex-
ploration. Interest in fluorspar developed when
the company undertook an intensive program of
research influorine chemistry. Asthis research
proceeded successfully, it was decided that at
least 500,000 tons of fluorspar reserves should
be acquired, and the problem was turned over to
the geologists. As there was no immediate need
for fluorspar, we were permitted to plan and
carry out the project in a systematic manner.
After checking known occurrences in the United
States and Canada, Mexico was chosen as the
most promising area. The first stage included a
reconnaissance survey of al known fluorspar
districts in Mexico. The second stage focused
on three of the seemingly most favorable areas
seen during Stage |I. The third stage consisted of
detailed mapping and drilling of properties se-

lected in northern Coahuila. The project was
successful beyond expectations, and the com-
pany had more fluorspar than it needed. Conse-
quently, it was decided to enter the fluorspar
market, and a mining and milling operation was
started. The geologists stayed with the project
through the development stage.

Geological exploration is dependent to a high
degree on complete, reliable analytical data, and
the excellent analytical laboratories maintained
by major chemical companies contribute greatly
to geological exploration. For example, careful
analytical studies of fluorspar from one of the ore
bodies discoveredin Mexico reveal ed the presence
of potentially commercial amounts of beryllium
in the fluorspar (in bertrandrite). Beryllium
mineralization had not been suspected and was
not recognized in the field. This discovery of
beryllium prompted additional exploratory drill-
ing which resulted in proving an important com-
mercial occurrence of non-pegmatite beryllium
ore. This led to checking other fluorite occur-
rences inthe United States and Mexico for berylli-
um and finally to another exploration project for
beryllium in Utah.

Geologists working for a chemical company
are given interesting and sometimes very difficult
assignments. For example, our group was asked
to find commercial deposits of tellurium. Nearly
al tellurium produced comes from electrolytic
refining of copper; there are notellurium mines.
Of course, there are many tellurium minerals,
particularly of copper, lead, gold, and silver.
Some gold and silver telluride deposits are impor-
tant sources of gold and silver, but such deposits
are normally small and not important sources of
significant amounts of tellurium. Our assignment
was to find tellurium ore—not ores of lead,
copper, gold, or silver. At first this seemed
impossible, but after we began to get a grasp of
the problem it became apparent that there was a
great deal more tellurium than was suspected.

The company’s interest in tellurium waned
and this project was gradually curtailed and final -
ly terminated, but the project was a geological
success. Sizeable deposits rich in nativetelluri-
um, aong with a host of tellurites, tellurates,
and tellurides, were found in Sonora, Mexico.
More than 15 new tellurium minerals were dis-
covered in these deposits. Again, much credit
for the success of this project must go to com-
pany analysts who provided us with simple field
tests for tellurium and analyzed hundreds of
field samples.

Being strongly research-minded, as are
most chemical companies, the company urged
the geologists to use any and al modern tools
and techniques which might prove helpful inlocat-
ing and valuating mineral deposits. In fact, far
too much emphasis was placed onthe use of tools
and techniques, and not enough on basic geology.
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We were encouraged to develop new tools and
techniques, and research groups concerned with
instrumentation and analytical methods were often
called on for assistance. From time to time use
was made of gravity, magnetic, seismic, and
electrical geophysical methods; berylometers,
geiger counters, scintillators, mercury detec-
tors, ultraviolet lamps, and well-logging instru-
ments were used. Several geochemical methods
were tried. Detailed mineralogical studies were
made in the laboratory. Small aircraft were used
oftenfor aerial reconnaissance and for geophysi-
cal or radiometric surveying. Aeria photo-
graphs, both black and white and colored, were
used. Detailed mapping and sampling was done
where appropriate. Mobile laboratories were
used on certain projects. We owned and operated
our own core drilling equipment, although some
drilling was contracted.

Working as a geologist for a major chemical
company is not without problems. Communica-
tion is a major problem. The view commonly
held by many chemical engineers (and too many
other engineers, for that matter) is that anyone
with a book and a map can be a geologist, and
their reluctance to recognize geology as a pro-
fession, and the geologist as a professional, gets
to be annoying.

Lack of technical knowledge and of mining
philosophy on the part of economic evaluators
makes selling of mining projects to chemical
company management very difficult. It is not
easy to find a mine or prospect which has the
potential of becoming a mine; the odds against it
are very high. It is practically impossible to
find a mine or prospect which still looks good
after having been subjected to the valuation pro-

cedures employed by chemical company econo-
mists. Geological considerations often carry too
little weight in the chemical company valuation
methods. Geological extrapolations have little
value.

In my opinion, the greatest handicap to
successful geological exploration by a chemical
company is the general lack of support fromtop-
level management—at the Board level. Without
top-level support the “follow through” required
to succeed may not be approved. A successful
mineral s exploration program must be a continu-
ing program—it cannot be turned on or off onthe
basis of current issues of E. & M. J., Mining En-
gineering, Mining World, or the Wall Street
Journal.

With mining firms merging and diversifying
into a variety of ventures, and petroleum, chemi-
cal, and other industries becoming actively en-
gaged in mining, the mining industry, and es-
pecially mineral s exploration, isundergoing revo-
lutionary changes. Entry of petroleum and chemi-
cal companies into the field of mineral explora-
tion and exploitation is forcing the conventional
mining companies to adopt more progressive
methods and to make better use of geologists.
Each new industry coming into mining has a con-
tribution to make, and, when the transition to
true mineral resource companies has been ac-
complished for all, geological exploration will
operate much more efficiently.

Chemical companies have made significant
contributions to geological exploration, and, with
more experience and slight changes inmanagerial
attitudes, they promise to become much more
competitive in this field.
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ABSTRACT

Since 1940 one of the largest concentrations of the chemical industry in the
world has developed in the coastal areas of Louisiana and Texas. In these two
States, chemicals rank first in value added by manufacture among all manufacturing
industries.M ajorattractivefactorsforthisdevelopmenthavebeenthel owassembly
costs for raw materials, the availability of relatively cheap power, and location on
thewarmGulf, midway betweentheAtlanticandPacificcoastswitheasyaccesstothe
nation’s inland waterways, particularly the Mississippi-Ohio-Missouri system.
Natural gas, the major source of power for the chemical industry, is found in all
the coastal counties and in deposits located offshore. In addition to natural gas,
area raw materials in demand by the chemical industry include petroleum, sulfur,
salt, lime (oyster shell), and water.

Integrated oil companies such as Humble began early the manufacture of chemi-
cals, particularly petrochemicals. Nevertheless, it has been chemical companies
such as DuPont, Union Carbide, and Monsanto that have been responsible for most
of thecapitalinvestmenti nthearea. Further,therei sastrongtendency forchemi-
cal companies and oil companies to merge or to enter into joint ventures in petro-
chemical production.

Many chemical manufacturers find major markets for their end products within
afew miles of their plants, for the end product of one chemical plant is oftenthe raw
material for another. For this reason the chemical plants are commonly connected
with one another or with refineries by pipelines. A comparatively recent develop-
ment is the establishment of industrial districts, such as Humble's Bayport project,
designed for plants devoted to manufacture of chemicals and for plants specializing
in manufacturing end products needed by the chemical industry.

The outlook for the industry in the area is for continued expansion. Suitable
plant sites are numerous. Supplies of raw materials and power should be more than

ample for industry needs for the next 25 years.

Since 1940 one of the largest concentrations
of the chemical industry intheworld has devel oped
in Louisiana and Texas, especially in the coastal
area which extends from Baton Rouge and New
Orleans on the east to Brownsville on the west.
In these two states, which might well be des-
cribed as the heartland of the United States chemi-
cal industry, chemicals rank first among all
manufacturing industries in value added by manu-
facture. Value added by chemical manufactures
in Texas amounted to $4. 15 billion in 1965, al-
most half of the state’ stotal value added by manu-
facture. This is even more impressive when it
is considered that as late as 1939 the Census of
M anufactures did not report organic chemical
production anywherein Texas and the word petro-
chemical was not even in the dictionary.

Major attractivefactorsfor this development
have been the low assembly cost for raw materials,
the availability of relatively cheap power, and
tidewater location on the warm Gulf of Mexico,
midway between the Atlantic and Pacific coasts

with easy accessto the nation’s inland waterways,
particularly the Mississippi-Ohio-Missouri sys-
tem. The chemical industry of the Southwest is
based primarily on raw material availability.
Natural gas, the major source of power for the
industry and one of its maor raw materials,
occurs in substantial quantity in al the coastal
counties and in offshore deposits. Of course it
is also available by pipeline from inland fields.
In addition to natural gas and its liquid deriva-
tives, area raw materials in demand by the in-
dustry include petroleum, sulfur, salt, lime
(oyster shell), and water. This fortunate com-
bination of raw materials for chemical manu-
facture does not occur elsewhere in the United
States.

Capital investment for new chemical manu-
facturing plant and equipment in Texas for 1965,
the most recent year for which there is reliable
information, was approximately $457 million,
a little over 40 percent of that year’s total new
manufacturing investment inthe state. In Louisi-
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ana chemical industry investment during the same
year totaled $133 million, or about 35 percent of
total new manufacturing plant investment. The
Texas Employment Commission estimates that in
January, 1968, the Texas chemical industry em-
ployed 60,200 workers, about nine percent of the
state’s manufacturing labor force. Transporta-
tion equipment and food processing were the only
other categories of manufacturing which employed
more workers. Duringthe same monthin Louisi-
ana, the chemical industry was estimated to be
employing 21,300 workers.

Major chemical centers in the region, from
west to east, are Brownsville, Corpus Christi,

Victoria, Seadrift, Bay City, Freeport, Texas
City, Houston, Beaumont-Port Arthur-Orange,
Lake Charles, Baton Rouge, and New Orleans.
The greatest concentration is found within 150
miles of Houston; investment is estimated con-
servatively to total about $7 billion in the area.
Inland Texas locations which have sizable chemi-
cal manufacturing operations are Big Spring,
Odessa, Borger, Denver City, Pampa, and Long-
view. Except around Baton Rouge, there are
few inland chemical manufacturing locations in
Louisiana.

Twenty-eight chemical firms are included in
the listing of the nation’s 100 largest industrial
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corporations. All of the twenty-eight firms have
plants in the area: Mobil, Texaco, Gulf, Stand-
ard Oil of New Jersey (Humble and Enjay),
Standard Oil of Indiana(American Qil), Goodyear,
Union Carbide, Firestone, Continental Oil, East-
man, Phillips, Monsanto, Borden, Sinclair, Dow,
Cities Service, W. R. Grace and Company,
Allied Chemical, Tenneco, Olin Mathieson,
Atlantic Richfield, B. F. Goodrich, Celanese,
Food Machinery Corporation, General Tire and
Rubber, American Cyanamid, Pittsburgh Plate
Glass Industries, and Signal Oil and Gas.

This roster of twenty-eight firms reads like
a Who's Who of the Chemical Industry. But,
impressive as it is, it does not reveal that many
of these firms have two or three or as many as
fiveplantsin Texas and Louisiana. For example,
Dow has plants in each of the two states and is
beginning to construct another Texas facility at
Oyster Creek, near its Freeport installation.
There are probably 100 other companies with
plants in the region. Further, one integrated
chemical complex owned by a single company
may produce fifty or more products.

The first real push for establishment of the
chemical industry in the Southwest on a large
scale came with the beginning of World War II.
Prior to that time inorganic products had been
made at several locations, particularly at Houston
and Corpus Christi. As the war began, demand
sharply expanded for such hydrocarbon-based
commodities as synthetic rubber. By-product
gases from local refineries and the natural gas
resources of the coastal areaprovided the requi-
site raw materialsfor two of the major synthetic
rubber ingredients, butadiene and styrene. As a
result, amost two dozenwartime chemical plants
were built in Texas and Louisiana, many of them
by the federal government. When the war was
over private investors acquired the government-
built plants, expanded them and constructed
others.

According to the Census of Transportation
for 1963, Texas and Louisiana were their own
best customers for chemicals. Almost 40 per-
cent of industrial chemicals and slightly over 50
percent of the miscellaneous chemical products
produced inthe two states were sold inthe South-
west. Other major markets were the Middle
Atlantic, the East North Central, and the East
South Central states. When the routes that
Louisiana- and Texas-produced chemicals must
travel to reach the market are analyzed, the
importance of access by manufacturers to the
Gulf and to the inland waterways can readily be
seen; chemicals and chemical raw materials are
typically heavy and bulky.

Largest volume petrochemical produced in
the area is ethylene, whichinturn is a major raw
material for the production of dozens of other
major chemical products, including acetaldehyde,

organometallics, ethylbenzene, polyethylene,
diethyl ketone, and vinyl acetate. Ethylene and
many other chemical products are shuttled from
plant to plant by an elaborate system of pipelines
described as “The Spaghetti Bowl.” Plants as
much as 100 miles apart supply each other with
raw materials; some plants are even connected
with those of competitors. End products and raw
materials are often piped to nearby salt domes
where they are stored until needed. As the in-
dustry expands and becomes more complex, the
network of pipelines becomes ever more intri-
cate. Cost of the lines is usually borne by the
supplier, but occasionally the buyer shares the
cost. It has been said that no other area in the
world islaced with such a concentration of piping.

It is this interchange of raw materials that
has given rise to a comparatively new develop-
ment, which, for lack of a better name, might be
called a “chemical industrial park.” Most
elaborate of these is Bayport, atract of about
9,000 acres, owned by Friendswood Developing
Company, a subsidiary of Humble Oil. (Humble
operates a large refinery and the Enjay Chemical
plant just across Galveston Bay.) Not only do
the tenants in Bayport benefit from ease of ac-
cess to feedstocks from Humble and Enjay near-
by, but at least fifty and perhaps as many as
seventy crude oil, gas, and product lines cross
the area. Thesepipelinesare notjust the sources
of raw materials; they are also sources of energy
materials and provide avenues to market. In
addition the port has been designed to provide the
most up-to-date accommodations for long ocean
vesselsandfor barges. Highways, rail facilities,
storage terminals, and utilities have also been
provided.

Also, Bayport is afine example of the “new
town” so much discussed today. It is a community
that provides large tracts for residential and
commercial use as well as for factories. Though
not as well known as Columbia in Maryland or
Reston inVirginia, Bayport is nearer completion
and probably deserves more noticethan it has re-
ceived among economists, sociologists, and
psychologists. Already it has 5,000 or more
residents, and 40 or 50 new homes are being
built each month. It is anticipated that Bayport
will have about 150, 000 residents by 1980. The
Bayport complex is probably the forerunner of
several others like it along the coast.

Integrated oil companies such as Humble
began early the manufacture of chemicals, par-
ticularly petrochemicals. Nevertheless, it has
been the chemical companies, such as DuPont,
Union Carbide, Monsanto, Dow, Firestone, Good-
rich, Goodyear, and Celanese, that have been
responsible for most of the capital investment in
the area. Furthermore, there is a strong trend
currently for chemical companies and oil com-
panies to merge or to enter into joint ventures
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in chemical production. Examples of this ten-
dency arethe recent purchase of Champlin Refin-
ing by Celanese, the merger of Beaunit into El
Paso Natural Gas Products, the acquisition of
Texas Butadiene and Chemical by Sinclair, and
the purchase of Cosden Petroleum Corporation
by American Petrofina. Another pronounced
trend is for refineries to move into chemical
production, particularly themaking of fertilizers,
on a much larger scale than in the past.

Chemical plants must typically belarge so as
to effect economies inproduction costs. Constant
expansion and rebuilding programs are also
typical, because the pace of technology in the
industry causes plant and equipment to become
obsolescent rapidly. Smaller and older plants
find it difficult to compete in this highly competi-
tive industry.

Because the industry is relatively new in
Texas and Louisiana, plants in this area are

highly automated. Many persons, unfamiliar
with the industry, are surprised to learn that the
maintenance force in a $200 million plant may be
larger than the operating force. Investment per
worker is the highest for any major industry in
the area.

The outlook isfor continued expansion. Suita-
ble sites for plants and industrial districts are
still numerous. The marketing geography is
favorable. Supplies of raw materials and energy
should be more than ample for at least the next
25 years. Itis certain that Texas and Louisiana
can readily producethe necessary building blocks
for chemicals that are yet to be produced com-
mercially. Southwestern markets for fabricated
plastics and other end products should expand,
but the most important contribution of the chemical
industry in the near future will likely be that of
supplier to manufacturers in the Southeast and in
the American Manufacturing Belt.
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ABSTRACT

Quality, form, distribution, and relation of stratigraphic components are identi-
fied by systematic analysis of distributive patterns of deposit types and their associ-
ative elements.

Integration of desired stratigraphic variables by dynamic modeling and simula-
tion serves as an effective tool, and gives a better understanding of distribution of
evaporite deposits.

Evaporite deposits of commercial value in the Michigan Basin include Silurian
(Salina) salt, Devonian (Detroit River) salt, gypsum and dolomite, and Mississippian
(Michigan) gypsum. There has been significant exploitation of the Salina salt and the
Michigan gypsum deposits.

The Salina Group evaporites were deposited within a basin rimmed by Niagaran
carbonate reefs, across which ocean brine flowed to connect the open ocean with the
central, moderately deep water basin. In the central part of the basin, rock salt
comprises more than 75 percent of the total evaporite section of salt, anhydrite, and
carbonate rocks. The central basin model best fits thedepositional conditions, which
have been simulated using a digital computer.

The Detroit River Group evaporites are characterized by two distinct phases of
sedimentation, a lower carbonate-sulfate phase which covers the entire Michigan
Basin, and an upper complex carbonate-sulfate-chloride phase largely restricted to
the central part of the basin. A combined central basin-sebhka model best fits the
texture and distribution patterns of the evaporites.

The Michigan Formation isprimarily a shallow marine shale-dolomite-anhydrite
sequence characterized by strong stratigraphic facies zonation. The facies indicate
deposition in a marginal shallow marine basin, having pseudo-marine and brackish
water zonation adjacent to the distal margins of thebasin subject to periodic influx of
terrestrial silicate silt and mud.

Exploitation of evaporite deposits canbe aided by dynamic model simulation, de-
fined by appropriate structuring of the stratigraphic system analysis network.

INTRODUCTION

Evaporite deposits in the Michigan Basin of
commercia value include Silurian Salina salt,
Devonian Detroit River salt, gypsum and dolo-
mite, and Mississippian Michigan gypsum de-
posits. Specific characteristics and geologic
settings of the three groups represent three dis-
tinctively different types of evaporite depositional
environments. The Salina Group was deposited
as a carbonate-evaporite sequencewithin a rela-
tively deep reef-rimmed basin. This sequence
represents the central basin type evaporite en-
vironment. The Detroit River Group is also a
carbonate-evaporite sequence which combines
the basin environment with the shallow marginal
sebhka evaporite environment. Geometric con-
figuration of the basin was controlled largely by
regional structural features and differential
tectonic adjustment; boundary reefswere of rela-

tively little importance in controlling the evapo-
rite distribution and sequence. In contrast to
these, the Michigan Formation represents a
shallow marine marginal basin characterized by
alternate deposition of evaporite sulfates and
carbonates. This deposition was interrupted by
occasional influx of terrestrial muds, silts, and
sands into the basin. Strong lateral lithologic
facies characterize the Michigan Formation dis-
tribution and sequence.

Stratigraphic system analysis based on
association of stratigraphic components uniquely
defines the three models of evaporite deposition
and the criteria for simulation of the evaporite
models with the digital computer. Experimental
variation of stratigraphic componentsthat control
parameters of the simulation models imply the
optimal criteria that define the geologic settings
for each evaporite sequence. Dimensions of the
optimal stratigraphic components, their spatio-
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temporal variation, and their associationinterms
of defined pal eogeographic and economic concepts
serve as the basis for geologic and economic
decisions in exploitation of mineral deposits.

STRATIGRAPHY
Michigan Formation

The Michigan Formation is a Lower-Middle
Mississippian stratigraphic unit which occurs
only in the Lower Peninsula of the State of Michi-
gan. It overlies the Coldwater Shale and under-
liesthe Bayport Limestone over most of thisarea.
The formation is a complex sequence of sand-
stone, siltstone, shale, dolomite, limestone,
and gypsum having strong lateral and vertical
facies changes that have been clarified by out-
crop and subsurface studies of Moser (1963).
Stratigraphic relationships are shown on the
correlation chart (Fig. 1), and subsurface mem-
bers are defined for the purpose of detailed
stratigraphic analysis in Figure 2.

Of eleven subsurface units defined by Moser
from electric log responses and well cuttings and
core studies, nine contain beds of anhydrite and

gypsum. Two of these, the National City Gyp
(Q-R) and the Triple Gyp (M-N), are currently
exploited for gypsum, thefirst near Saginaw Bay,
and the latter in the vicinity of Grand Rapids on
the western side of the state. With current eco-
nomic practice, these are the only areas where
abundant gypsum of high purity occurs at shallow
depth near inexpensive laketransportation. Else-
where, problems of transportation, thick glacial
drift overburden, bed thickness or anhydritic
composition make commercial exploitation un-
feasible.

Upper “Marshall” sediments are exclusively
sandstone and were deposited in a regressing sea
(Newcomb, 1933; Lane and Seaman, 1909). Posi-
tive tectonic elements enclosed the basin on dll
sides except northeast, where the “Marshall”
seas joined the open ocean.

Description. —Return of the sea marked the
beginning of deposition of the Michigan Forma-
tion. Conditions of sedimentation which favored
deposition of evaporites developed contempo-
raneously. Circulation of ocean brine between
the basin and open sea was probably restricted
by a sub-aqueous sill which had anortheast trend,
characteristic of structural elements in the
Michigan Basin. There were probably changes
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COMPOSITE ELECTRIC LOG . MAXIMUM
MARKER AND UNIT NAME THICKNESS. DESCRIPTION
ELECTRIC LOG UNIT NO. (Fr}
} UNIT 9 TOP OF MICHIGAN-K 120 ENHTDRITE, DOLOMITE AND
e I
e _ ANHYDRITE, DOLOMITE AND
l UNIT 8 K-L €0 SHALE
L
RED AND WHITE ANHYDRITE
z UMT 7 PENCIL OvF 50 WITH SHALE AND DOLO-
o MIT
] M
ANHYDRITE AND SHALE
g Y|
UNIT 6 TR";:‘FNG 2 70 WITH SOME ANHYDRITIC
< DOLOMITE
i N
MOSTLY SHALE WITH SOME
2 N-0 40 DOLOMITE
o
TAN SUCROSIC DOLOMITE
i UNIT 5 ‘9“03'!'; LIME 50 ANHYDRITE, LIMESTONE
e AND SHALE
[
STRAY-STRAY, . MOSTLY SANDSTONE AND
SHALE
— Q
ANHYDRITE AND SHALE
3 UNIT 4 NATIONAL CITY GYP 65 WITH MINOR DOLOMITE
- R
STRAY 200 SANDSTONE, DOLOMITE,
UMIT 3 R-S LIMESTONE & ANHYDRITE
S
R COARSE SUCROSIC DOLO-
SUGAR DOLOMITE MITE, CRINOID LIMESTONE
unIT 2 5-T 60 8 ANHYDRITE. SOME SAND-
STONE AND SHALE
T
~ DOLOMITE, ANHYDRITE
f UNIT 1 T- MARSHALL 50 AND SANDSTONE

FIG. 2. Division of Michigan Formation in subsurface by electric log markers.

inthe climatic regime as well, accounting in part
for the sequence of evaporites and terrestrially
derived clastics.

A seriesof maps showing relativepercentages
of main lithologic types for the interval from the
K marker (Fig. 1) to the bottom of the Michigan
Formation is shown in Figure 3. The strong
northwest trend of all percentagelines is areflec-
tion of the dominant orientation of strand lines
that persisted during most of Michigan Formation
deposition. The source of clastics was mainly
from the southwest while the direction to the open
sea was northeast. The zone of highest anhydrite
deposition was the approximate center of the
subsiding basin.

The lowermost unit in the Michigan Forma-
tion was deposited during the initial advance of
the Michigan sea over an eroded “Marshall”
landscape. The unit is limited to a small area
in the north-central part of the state.

Clastics of Unit 1 are fine-grained, shaly

sandstone and gray shale. Overlying the clastic
sedimentsis a bed of dark brown, coarse-grained
dolomite. There is, however, an anhydrite bed
on top of the dolomite, and the juxtaposition of
dolomite and anhydrite indicates that a least
part of the dolomite is a primary precipitate.
The areal extent of the Sugar Dolomite is
much greater than that of the previous unit be-
cause of continuing transgression of the Michi-
gan sea. The lower part of the unit is composed
of light and dark brown sucrosic dolomite and
black, fissile, dolomitic shale. The upper sec-
tion consists of a thin, continuous bed of fossil-
iferous limestone overlain by a bed of anhydrite
(Fig. 4). Principal fossil components are thin-
shelled brachiopods and crinoids but only the
crinoids can be distinguished in cuttings. The
two fossils are nearly mutually exclusive, and
brachiopods are concentrated toward the bottom
of the bed. There is a thin transition zone be-
tween the limestone and anhydrite, consisting of
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FIG. 4. Isopach and lithofacies map of Sugar Dolomite unit.

a black, calcareous shale containing pockets of
crinoids.

The upper boundary of the Sugar Dolomite is
placed at the end of another cycle of evaporite
deposition and the beginning of a new regressive
phase in which the Stray Sandstone was deposited.

Clastic sediments predominate in the Stray.
They are everywhere more than half the section,
and over a large area they are the only compon-
ent. By far the largest clastic component is
sand. The non-clastic equivalents of the Stray
in the northeast consist of dark, shaly, fine-

103
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grained limestone, white massive anhydrite,
and light brown, somewhat sandy dolomite. There
is a complex relationship between these three
lithologic types (Fig. 5).

The Brown Lime unit is an excellent example
of vertical and horizontal development of an

evaporite facies. The vertical sequence is shale
to carbonate to sulfate. Each of these beds can
betraced horizontally over a large area, indicat-
ing very stable conditions of sedimentation. In
the nearshore environment they all grade gradually
into a sandstone. The top of theunit is a bed of

FIG. 5. Isopach and lithofacies map of National City Gyp unit.
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massive anhydrite which is thickest in the north anhydrite beds in the Triple Gyp have the great-
where it reaches a maximum of 15 feet. est areal extent of any precipitate member in
The ingression of the Michigan sea onto the the Michigan Formation. In the direction of the
land culminated with the deposition of the Triple paleoshoreline, some of the anhydrite grades
Gyp consisting of three massive anhydrite beds into a brown, anhydritic dolomite (Fig. 6).
interbedded with two shale members. The The fortuitous find of a fossil shark spine in
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the Triple Gyp provided additional evidence for
the hypothesisthat climatewas the main causefor
interbedded shale and anhydrite (Dorr and Moser,
1963). The spine was found in an 8-inch sandy
shale layer within the main gypsum bed at the
mine of the Bestwall Gypsum Company in Grand
Rapids. The locality of the mine was probably
not far from the distal edge of the sea during
deposition of the Triple Gyp. During precipita-
tion of the anhydrite the salt-saturated waters
would havebeenintolerablefor sharks. However,
during thetime represented by the shalepartings,
when climatic changes brought an increased influx
of freshwater, animals could enter the basin and
live along the margins.

The Pencil Gyp unit consists mainly of gray
shales intercalated with red anhydrite and brown
dolomite. To the northeast, dolomite grades into
white anhydrite.

The basic shale-anhydrite-dolomite alterna-
tions, typical of the upper part of the Michigan
Formation, continued during deposition of Unit 8
(K-L). There are, however, important signs
both in lithology and in isopach patterns of the
impending termination of those environmental
conditions which gave riseto the clastic-precipi-
tate cyclicity. Intervals of evaporite deposition
were becoming much shorter. The percentage of
shale in this unit increases rapidly from 40 per-
cent in the north to over 70 percent in southern
areas. The northern edge was not far from the
present day outcrop area and the center had
shifted southward.

The top unit of the Michigan Formation can
be subdivided into two members. The lower
precipitate member is composed of red and white
anhydrite which grades into a light brown dolo-
mite. Becausethis unit isbelow an unconformity,
the anhydrite has been hydrated to gypsum in
many wells. The upper member ispredominantly
gray and green shale with localized development
of anhydrite and dolomite.

Conclusions.—Theperiod of depositionwhich
preceded the Michigan Formation had its climax
in awidespread regression of seasfromthebasin
which produced a profound unconformity between
the Michigan and the Coldwater everywhere inthe
basin and a complete hiatusbetween thetwo units
in southwest Michigan.

During deposition of the Michigan Formation
the basin was enclosed by land on all sides ex-
cept to the northeast. In this direction lay the
connection with the open ocean. A tectonic sill
in the vicinity of the connection was the cause of
restricted water exchange between basin and
ocean. Thesill, combinedwith climatic changes,
resulted in clastic-precipitate cycles of deposi-
tion. During the arid phase, evaporites were
precipitated while during humid phases sands and
shales were deposited. The source of clastic
sediments lay mainly in the land margins of the

basin.

Evaporite deposits of the Michigan Forma-
tion consist predominantly of dolomite-anhydrite
sequences with some limestone-anhydrite and
dolomite-limestone cycles. No salt was found
and the available evidence indicates that waters
did not reach the salt precipitating stage.

The Michigan sea transgressed gradually
into the basin fromthe northeast with only minor
regressive movements during deposition of the
Stray and Stray-Stray Sandstone units. The trans-
gression reached its apex during deposition of
the Triple Gyp unit. This slow shelfward expan-
son caused the sand-evaporite margin to lie
progressively southward. Center of the deposi-
tional basin during Michigan times was in the
area of the present northern edge of the forma-
tion and only the southern half of the deposited
sediments remain.

Deposition of the Michigan Formation ter-
minated as a result of epeirogenic activity which
was strongest in the eastern parts of the state.
This eventually resulted in a completewithdrawal
of the seas from the Michigan Basin for a short
period. Along a series of en échelon folds in
eastern Michigan much of the Michigan Forma-
tion was removed prior to return of the sea and
deposition of the overlying Bayport Formation.

Detroit River Group

The Middle Devonian Detroit River Group,
described by Ehman (1964), is represented in the
subsurface at the center of the MichiganBasin by
a thick sequence of evaporite and carbonate rocks.
This sequence grades laterally into athick carbon-
ate and sandstone unit at the marginal outcrops.

Lithostratigraphic analysis is difficult be-
cause of these strong facies changes toward the
margins of the basin. Stratigraphic subdivisions
made in the center of the basin where evaporites
have accumulated and lithostratigraphic unitsare
more distinct were defined and correlated by
means of mechanical logs, with sample cuttings
for control. In this way the stratigraphy in the
middle of the basin was extrapolated through
lithofacies changes to the margins of the basin
(Fig. 7).

Four divisions of the section, in ascending
order, in the Central Basin area have been de-
lineated.

(1) Base of Group to Marker A, afossil-
iferous carbonate unit, the Amherstburg Forma-
tion

(2) Pre-Salt Evaporite, from Marker A to
Marker B, anessentially non-fossiliferous carbo-
nate and evaporite unit

(3) The Lower Sats, from Marker B to
Marker G, composed chiefly of carbonates with
significant anhydrite and halites

(4) The Upper Salts, from Marker G to
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CENTRAL BASIN SECTION

MECHANICAL
LOG
TYPICAL RADIOACTIVITY LOG | MARKER

LAWTON-STATE ROSE W&/ 4-24N-3E OGEMAW COUNTY|
NEUTRON

DESCRIPTION

BASIN MARGIN SECTION
UNIT
NAME

MECHANICAL
G

LO
MARKER | TYPICAL RADIOACTIVITY LOG
DESCRIPTION

SUNRAY ~ RICHAROSON ™|  18-16N-1EE  LAPEER)
COUNTY.

DOLOMITE AND
ANHYDRITE

HALITE, ANHYDRITE
AND DOLOMITE

ANHYDRITE, DARK
BROWN CARBONATE
AND HALITE

HALITE, ANHYDRITE
AND DOLOMITE

DOLOMITE, ANHYDRITE
AND HALITE WITH
SOME LIMESTONE

HALITE WITH SOME
ANHYDRITE

UPPER SALTS

TOP OF DETROIT
RIVER-G

(BIG SALT) GAMMA RAY NEUTRON BUFF DOLOMITE

WITH SOME ANHYDRITE

[2]

ANHYDRITE AND
DARK BROWN DOLOMITE
WITH SOME HALITE

[DARK BROWN Umssrﬁ'

[WITH SOME ANHYDRITE |

HALITE, ANHYDRITE AND
DARK_BROWN

K
LIMESTONE

HALITE AND ANHYDRITE

|
-
]
|
j
|

OO mm

ANHYDRITE AND
BUFF DOLOMITE

WV»..A

BUFF TO TAN DOLOMITE
WITH SOME ANHYDRITE
BUFF TO TAN DOLOMITE
_|WiTH SOME ANHYDRITE
ANHYDRITE AND TAN
TO BUFF_DOLOMITE
ANHYORITE WITH
SOME _DOLOMITE

LOWER SALTS
AND D

SOUR ZONES
6-8

BUFF DOLOMITE WITH
SOME  ANHYDRITE

BUFF DOLOMITE AND
WHITE ANHYDRITE

ANHYDRITE, BUFF
DOLOMITE AND
BROWN LIMESTONE
AND DOLOMITE

DARK BROWN
MASSIVE CORALLINE LIMESTONE
ANHYDRITE b
AND
RICHFIELD A

B-A

0 0!
SANDY LIMESTONE

DARK BROWN TO
BLACK CORALLINE
LIMESTONE

AMHERSTBURG
A-BASE

FIG. 7. Division of Detroit River Group by mechanical log markers.

top of Detroit River marker,

composed chiefly
of halite and anhydrite with some carbonate

ous thin anhydrite stringers. The Massive Anhy-
drite, as the name denotes, is composed chiefly

stringers.

Base of Group to Marker A; Amherstburqg
Formation. —This lowest unit of the sequence is
a fossiliferous non-evaporitic carbonate rock
containing appreciable amounts of silt and sand.
The rocks grade from a thick sequence of fossil-
iferous, crystalline, dark limestone in the north
and east, to dark crystalline dolomite in the ex-
treme western part of the state. In the southern
part of the area, the rock is alight gray to brown,
silty, sandy dolomite.

Marker Ato Marker B: Pre-Salt Evaporites.—
ThePre-Salt Evaporite is comprised of two sub-
surface units long used by Michigan petroleum
geologists. The Richfield Member is predomi-
nantly a carbonate rock unit, but contains numer-

of anhydrite, but also contains interbedded carbo-
nate rock stringers in some parts of the basin
(Fig. 8). The rocks are thickest in the north-
western quarter of the basin, but thin rather
uniformly toward the margins.

A color change similar to that of the under-
lying Amherstburg Formation occurs inthe carbo-
nate rocks of the Pre-Salt Evaporite. Basinal
carbonate rocks of this unit are commonly brown
to dark brown. The rocksbecome lighter in color
as the unit is traced marginward; the thinner the
unit becomes, the lighter its color.

Marker B to Marker G: Lower Salts.—Basal
salts and carbonate Sour Zones of the Lucas For-
mation are included in the sequence defined be-
tween the B and G markers (Fig. 7). The area of
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sat accumulation was restricted to the northern
half of the Southern Peninsula of Michigan. Maxi-
mumthickness of the entire Detroit River Group,
as well as the Lower Salts, is found in this area
of salt accumulation (Fig. 9).

Subdivisions of Lower Sats were traced as
far as possiblefrom theCentral Basin area. The
member between the B and C markers is defined
as the lowest Sour Zone. The B-C member is

P

typically a buff, commonly sucrosic carbonate
rock with thickly interbedded anhydrite layers.
The carbonate rock isdolomite except inthearea
south of Saginaw Bay, where it is extremely
cal careous.

The C-D member is the basal Detroit River
salt. In the center of the salt basin, the rocks
attain a thickness of 90 feet and are more than
80 percent salt in Antrim County (Fig. 10). The

EXPLANATION

* WELL SAMPLE POINT

40 miles

FIG. 10. Map showing the distribution of rock salt in the Detroit River Group.
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sequence grades from halite and gray anhydrite
in the salt basin to gray and white anhydrite and
buff dolomite toward the southern basin margin.

The D-E member is composed of an upper
salt and a lower, dark brown limestone layer in
the Central Basin. This sequence grades into a
unit composed of an upper, white anhydrite and a
lower, buff, sucrosic dolomitetoward the southern
margin of the basin. It has a uniform thickness
of 50to 70 feet inthe Central Basin, and decreases
gradually in thickness toward the margin to the
south and southeast. Salt increases in thickness
toward the northwest, reaching a maximum thick-
ness of 40 feet in Antrim County.

The E-F member is composed of rocks
grading from adark brown limestone in the Central
Basin area to a buff-colored dolomite on the
southern margin of the basin. It has a uniform
thickness of 20t040 feet over al the area except
the extreme basinal margins.

The F-G member in the Central Basin is
characterized by interbedded halite, white and
gray anhydrite, and buff to brown carbonate,
principally dolomite. These rocks grade into a
sequence of interbedded buff dolomite and white
anhydrite as the member is traced south toward
the basin margin. It is thickest in the eastern
Central Basin area, where salt is present.
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Regarding the Lower Sdts as a whole, the
following conclusions can be made: (1) Area of
maximum thickness is in the Central Basin.
(2) Sdlts of this unit increase in thickness to the
northwest, then abruptly decrease in thickness.
(3) The dark brown color of carbonate rocks in
the Central Basin area changes to a light brown
or buff marginward. (4) Limestone-dolomite
patterns closely follow that of underlying Detroit
River units. Limestone is concentrated in the
Central Basin and in an area south of Saginaw
Bay, whereas dolomite dominates the basin
margin.

Marker G to top of Detroit River; Upper
Salts. —The Upper Sdts of the Detroit River
Group is a sequence of interbedded halite, an-
hydrite, and carbonate rocks. Some limestone
is present inthe salt basin and in northern Huron
County, but dolomite is the typical carbonate
rock of this sequence. Gypsum is present in
wells of northern counties, and of Allegan and
Jackson counties. Evaporites (principally halite)
constitute the greatest percentage of the rock in
this unit (Fig. 11).

The G-H member is 80 to 100 percent halite
in the Central Basin. A gray, argillaceous an-
hydrite is present in some wells, particularly in
those located near the outer boundary of salt
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FIG. 11. Evaporite facies and isopach maps, Marker G to top of Detroit River Upper Salts.
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accumulation (Fig. 10). Sdt grades to an anhy-
drite facies outside the Central Basin area. The
anhydrite facies in turn becomes more dolomitic
still farther from the center of the basin.

The sequence of rocks above the H marker,
the H-1 member, representstwo complete evapo-
rite cycles. The vertical upward sequence of
rocks in this member is anhydrite, carbonate,
anhydrite, halite, anhydrite, and carbonate.

The I-Jmember is a thick salt sequence with
interbedded gray and white anhydrite and light
brown dolomite beds. This sequence thins
gradually from the basin.center toward the mar-
gins where it is characterized by anhydrite and
dolomite.

Oneof thebest marker beds of the Upper Salts
is a dark brown carbonatebed in the >-Kmember.
Thisrock, highly dolomitic except inthe northern
“thumb” area, underlies an anhydrite-salt and
anhydrite sequence. TheJ-K member has afairly
consistent composition of 40 percent anhydrite,
30 percent salt, 30 percent dolomite, and a thick-
ness of 60 to 90 feet throughout the Central Basin
area. Eastward, south of Saginaw Bay, limestone
is the predominant lithology.

The uppermost salt layer inthe Detroit River
Group is the K-L member of the Upper Salts.
This sequence is confined to the Central Basin,
and is composed predomimantly of halite with
minor amounts of brown to buff dolomite and gray
argillaceous anhydrite.

This section extending from the L marker to
the top of Detroit River marker, the uppermost
member of the Upper Salts, is also confined to
the Central Basin area. It is composed of white
and gray anhydrite and brown dolomite. In gener-
al, upper and lower anhydritebeds are separated
by a dolomite layer.

Patterns emerging from the stratigraphic
descriptions of the three lower Detroit River
units appear in general to hold true for the Upper
Sdlts as well. Color, composition, and textural
changes of the carbonate rocks of this sequence,
when traced from the Central Basin toward basin
margins, are the same as those of underlying
units.

Sdina Group

The following description closely follows
Ailing and Briggs (1961, p. 519). IntheMichigan
Basin the system of stratigraphic classification
of the Salina Group devised by Landes (1945) and
modified by Evans (1950) is widely used by sub-
surface stratigraphers in Michigan and Ontario.
The terminology marks the first comprehensive
application of basinal evaporitic facies to the
regional stratigraphy of a depositional basin of
the Cayugan. The following stratigraphic units
were defined from top to bottom:

Unit H: Bass Islands Dolomite, 175-570
feet thick, largely buff dolomite, some gray dolo-
mite near base, anhydrite and salt beds near
center of basin.

Unit G: Uppermost Sdina Group, 4-100
feet thick, characteristically gray shaly dolomite
with green and red shales near Mackinac Straits
(Pte. aux Chenes Formation).

Unit F: Uppermost salt in Salina section,
0-1,230 feet thick. Thick beds of salt separated
by shale, shaly dolomite, dolomite, and anhy-
drite.

Unit E: 30-122 feet of gray or red shale
with some dolomite, shaly dolomite, and anhy-
drite.

Unit D: 25-65 feet of nearly pure salt,
with thin partings of buff dolomite.

Unit C: 60-160 feet of largely shale or
shaly dolomite with anhydrite and buff dolomite
in places.

Unit B: 240-400 feet thick, amost pure
salt with minor dolomite.

Unit A: 30-1,105 feet thick, limestone,
dolomite, salt, and anhydrite, which was sub-
divided into:

A, —Buff to brown dolomite or lime-
stone
Dark gray dolomite
SdAt or anhydrite
A; —Fine brown to grayish brown
dolomite or limestone
Fine gray dolomite or limestone
Sat or anhydrite

Around the rim of the Michigan Basin, the
basal salt or anhydrite rests on and grades into
light brown crystalline dolomite of the Guelph or
upper Lockportwhereasinthe center of thebasin,
basal evaporites rest directly on reddish argilla-
ceous bioclastic limestone. Evaporite facies and
pal eogeographic conceptsareillustrated in Figure
12.

Dellwig (1955) described the mineralogy,
textures, and structures of the Salina Sat in the
Michigan Basin, comparing the basin facies with
marginal facies. Stratigraphic components differ
incharacteristic properti es andtheir dimensions.
Dellwig attributed this to deposition of the salt
sequence of the basin facies in relatively deep
water, and in the marginal facies within the
wave-affected zone.

CONSTRUCTION OF
THEORETICAL STRATIGRAPHIC MODEL

Construction of atheoretical model necessi-
tates defining each stratigraphic unit with its
characteristic components appropriately defined
and dimensioned. Each stratigraphic unit in the
stratigraphic system analysis network consists
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of numerous defined characteristics, which are
interconnected to the highest degree of com-
plexity by their functional relationships. In order
that characteristics be defined, they must be
modified interms of their characteristic proper-
ties, and scaled in terms of their characteristic
dimensions. Both property and dimensioning
functions are prescribed in terms of the strati-
graphic concept to which the characteristic com-
ponent has information potential value.

Each defined stratigraphic component con-
sists of essential characteristics and accidental
characteristics (general and specific respec-
tively). Essential characteristics are repre-
sented as elements of a bounded set, and are the
common ones. Accidental characteristics are
contained in the bounded sets. If the two types of
characteristics overlap, the intersection repre-
sents the subset of identified stratigraphic com-
ponents (c, Fig. 12).

For example, grain size, crystallinity, and
granularity are undefined terms. They become
defined by the introducti on of measurement scales
of size, crystal morphology, and granularity.
The association of dimensioned components pro-
duces a derived measured concept of the texture
defined in terms of the characteristic properties
of each rock component. Thus, the texture con-
cept is developed from a set of characteristic
components with defined associative properties.

The procedure can be summarized by the
following example:

grain size: undefined term - unassociated
to the stratigraphic system.

medium grain size: defined term - un-
associated tothe stratigraphic system, but asso-
ciated to the number order system.

medium euhedral subangular grain: de-
fined term - associated to the stratigraphic sys-
tem by means of the scales of grain size, degree
of perfection of crystal form, and grain sphericity.

Thus, definition of the stratigraphic concept
(in the example, texture) is formulated by a pro-
cess of observation, description, and scaling.
Observation identifies the stratigraphic compo-
nent, description defines its characteristic prop-
erty, and scaling determines its characteristic
dimension. In this manner the intensity value of
properties of therock components is determined.
To have stratigraphic significance, the associa-
tive properties related to the stratigraphic con-
cept must have stratigraphic significanceinterms
of their extensity value. The development of the
intensity and extensity of all stratigraphic com-
ponents inasimilar manner prescribesthe strati-
graphic analysis network. Only at this stage of
analytical development can the stratigraphic model
be formulated. The analytical methodology of
classification and pattern development by this
process isillustrated in Figure 12. The charac-
teristic component groups with their related

FIG. 12. Association of essential and acci-
dental characteristics of stratigraphic compon-
ents.

characteristic properties are composed of sets
of observation components and properties, one
set for each subgroup of components and proper-
ties. Examples are given below for the evapo-
rite concept model of the Silurian Salina deposi-
tion.

Fossil Grains - Matrix Characteristic

Components Properties
shape size
Detrital
Skeletal
Pellets

Algal

Growth in situ
Alga stromatolite
Dead talus of algae
Lump & coated grains
Reef material
Sphaerulites
Lithographic
Gravels

Sands

Clays

Silts

Composition
Biological
Biochemical
Physical
Physicochemical
Chemical

In a similar manner, texture, structure,
and environmental component sets are defined
relative to the specific stratigraphic concept
model. If the stratigraphic concept model were
not known or specified, component sets would
include all possible stratigraphically significant
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terms, and extension of the observations would
define the concept model from the stratigraphic
system analysis.

The characteristic dimensioning properties
(Fig. 13) arethefunctional dimensioning qualities
that classify the defined associated terms and
develop the associative patterns. Diagenesis
modifies the classification and the associative

CHARACTERISTIC

| 1] i

COMPONENTS PROPERTIES DIMENSIONS
FOSSILS SIZE DOMINANCE
TEXTURE | SHAPE = DISTRIBUTION
STRUCTURE FORM ORIENTATION
LITHOLOGY COMPOSITION RELATION
ENVIRONMENT GENERAL

CHARACTERISTIC DIMENSIONING PROPERTIES

1\

CLASSIFICATION

components by means of a set of stratigraphic
analytic functions (Fig. 14).

The stratigraphic sequence, such as de-
scribed previously for the Michigan Formation,
the Detroit River Group, and the Sdina Group,
is constructed from analysis of each stratigraphic
unit so as to produce a sequence of changing
pal eogeographic settings. Integration of the set

v \Z v

AND
PATTERN DEVEL.

ANALYSIS OF

I

DIAGENETIC
FUNCTION

DIAGENETIC CLASSIFICATION _J
AND PATTERN DEVELOPMENT

ANALYSIS OF STRATIGRAPHIC

PATTERN PATTERN SEQUENCE

INTERPRETATION

FIG. 13. The stratigraphic information system.

patterns. The analytic methodology prescribes
feedback and recycling until al stratigraphic
terms are classified and their associative patterns
defined.

The analytic process of classification and
pattern development produces sets of identified
stratigraphic components distributed by location
coordinates. These are stratigraphic facieswhich
constitutethebasisfor stratigraphic analysis and
model interpretation. The evaporite depositional
models are designed to produce facies by means
of classification of the identified stratigraphic
components and their distributive patterns. Inte-
gration of the facies provides the elements of de-
fined environmental components of the paleo-
geography. Thus, association of the facies com-
ponents is transformed into paleogeographical

of paleogeographic sequences constitutes the
stratigraphy of the evaporite formation or group
of formations.

In summary, construction of the theoretical
stratigraphic model (Fig. 13) includes thefollow-
ing steps for each stratigraphic unit:

(1) ldentification of characteristic com-
ponents of fossils, texture, lithology, and en-
vironment.

(2) Definition of components by means of
their characteristic properties (size, shape,
form, composition, general).

(3) Dimensioning of defined components
in terms of dominance, distribution, orientation,
and relationship.

(4) Classification of defined associated
components by their characteristic dimensioning
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property functions and development of their facies
patterns.

(5) Transformation of classification and
facies patterns by diagenetic processes.

(6) Associationand dimensioning of facies
components to produce paleogeographic settings
at each stratigraphic level.

(7) Definition of stratigraphy from the
sequence of pal eogeographic settings correspond-
ing to the stratigraphic succession.

DEVELOPMENT OF
EVAPORITE SIMULATION MODELS

The theoretical stratigraphic model provides
the framework for construction of the evaporite
simulation model in that identified stratigraphic

components are logically related through the
stratigraphic system network, and the com-
ponents on each level are appropriately defined
and dimensioned.

Inthe simulation model relativevalues of the
defined characteristic components of the environ-
mental types are placed into a matrix form, and
analyzed throughtheir distribution sequence. The
model is a dynamic steady state of the relative
distribution of environmental patterns. The
dynamic system is characterized by a finitenum-
ber of parameters, afinite group of parametric
values, and finite stratigraphic categories deter-
mined by the conceptual formulation.

For example, thefollowing are environmental
types and their associated lithologic components
in Michigan evaporites.
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Normal marine: fossiliferous lime-
stone, shale

Reef zone: dolomitized biostromal
limestone

Penesaline: dolomite, anhydrite

Sdline: anhydrite, halite

Pseudomarine: limestone,
mite, shale, sandstone

dolo-

The succession of typesincludesvarious combina-
tions of the general sequence from norma marine
to evaporite to normal marine. The Michigan
Formation sequence includes, in the evaporite
phase, penesaline, and penesaline and pseudo-
marine. The Detroit River Group sequence in-
cludes the reef zone, penesaline, and saine
types. The Salina Group sequence has a major
development of the reef zone and the salinetypes,
with the penesaline and pseudomarine of lesser
importance.

Evaporite simulation models can be classi-
fied into deep central basintype, marginal marine
type (sometimes called “megasebhka’), and
sebhka type. Each hasparticular facies distribu-
tive patterns and component associations. Saina
evaporitesbelongto the central basintype, Michi-
gan evaporites to the marginal basin type, and
Detroit River evaporites to combined central
basin and sebhka types.
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ENVIRONMENTS OF PHOSPHORITE DEPOSITION
IN THE CENTRAL, FLORIDA PHOSPHATE DISTRICT
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Department of Geology, East Carolina College
Skokie, Illinois, and Greenville, North Carolina

ABSTRACT

Detailed mapping in the Noralyn and Achan mines of International Minerals fa
Chemical Corporation has provided new information onthe stratigraphy, petrography,
and environment of phosphate deposition. A revised stratigraphic section has been
proposed in which the Hawthorn Formation has been raised to group status so as to
include all phosphatic sediments of the district. The Bone Valley Formation is the
principal phosphorite unit of the Hawthorn Group; it is composed of a lower unit, the
Noralyn Member, which is primarily clayey and/or gravelly phosphorite, quartz sand;
and is of marine origin. The upper unit, the Homeland Member, is mostly phospho-
rite gravel containing a heterogeneous mixture of phosphorite grains, quartz pebbles,
and a prolific articulated land fauna with mixed and worn marine vertebrates and in-
vertebrates; itis principally a fluvial or estuarine deposit. Underlying the Bone Valley
Formation is the clayey, sandy phosphatic carbonate of the Arcadia Formation, pre-
viously called the Hawthorn Formation.

The upper surface of the Arcadia Formation in the Noralyn mine consists of a
series of low ridges thought to be depositional carbonate mounds and banks and to
which many sediment characteristics of the overlying Bone Valley Formation can be
related. These banks and mounds formed shoal environments during the main period
of phosphorite deposition.

As climatic and chemical conditions changed, carbonate deposition of the Arcadia
Formation gave way to phosphorite deposition of the Noralyn Member. Phosphorite
was deposited inthis shallow-water, marine environment, which was possibly partially
intertidal in the eastern part.

The marine phosphorite of the Noralyn Member was reworked and redeposited in
fluvial and estuarine environments following regression. The reworked deposits, the
Homeland Member, are locally thick and normally occur at thetop of, and cutting into,
the marine phosphatic section; in some places, the member rests directly on the
Arcadia Formation.

Primary deposition of phosphorite and phosphate replacement of the carbonate
substrate occurred in the NoralynMember over the banks. This primary phosphorite,
designated microsphorite because it is an in situ micro-crystalline phosphorite bed,
was partially indurated, disrupted, and fragmented. In this manner, abundant clastic
particles of phosphorite were producedwhich are the most common form of phosphorite
in the sediments.

The Noralyn Member of the Achan area contains little or no microsphorite. Here
phosphorite clasts, formed in areas to the north and east, were transported into an
environment where intermittent carbonate and fine clastic sedimentation were the norm.
The resulting sediments are, therefore, strongly bimodally sorted since they contain
abundant granule and pebble size phosphorite clasts in a matrix of clay. Carbonate
becomes increasingly abundant toward the base of the Noralyn Member and occurs in
mound-shaped |l enses.

INTRODUCTION

Phosphate deposits of the Central Florida
Phosphate District (Fig. 1) are among the world’s
largest and have produced more than 70% of the
U. S requirements of phosphate rock. These
deposits are, however, geologically unlike many
of the other large phosphate deposits of theworld.

They do not have the typical black shale-chert
lithologic association and appear to be very
shallow-water deposits. The phosphorite has a
characteristic coarse-grained component in the
abundant gravel-sized phosphorite grains (pebble)
mixed with quartz and phosphorite sand and clay.
The stratigraphy of the deposits is complicated
by rapid facies changes and post-depositional
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erosion, redeposition, and weathering. These
characteristics set the Florida deposits apart
from all other known phosphate deposits of the
world. The shallow-water environment of depo-
sition of these unique deposits, therefore, isan
interesting and challenging subject—especially to
those of us who have attempted to discover new
deposits of similar origin. This paper describes
the stratigraphy and sedimentary environments
of deposition of phosphorite in the Noralyn and
Achanminesof International Minerals & Chemical
Corporation. Work in other parts of the district
suggests that the results of work in the mines is
applicabletothe entire Central FloridaPhosphate
District.

The Noralyn and Achan mines were selected
for study becausewell exposedfaces were readily
accessible and the mines are widely separated in
the district (Fig. 1). The study is by no means
exhaustive, and similar studies should be con-
ducted in the numerous other active mines
throughout the district. The Noralyn mine was
the subject of a Ph.D. dissertation by the co-
author (Riggs, 1967).

The writers are indebted to International
Minerals & Chemical Corporationfor permission
to publish this paper.

GENERAL STRATIGRAPHY

A revised stratigraphic sectionfor the Central
Florida Phosphate District has been proposed by
Riggs (1967) and is generalized in Figure 2. Al-
thoughnot formally published as yet, this section
is described herein because it hasbeen the basis
of the stratigraphic work inthe Noralyn and Achan
mines.

The name “Hawthorn Group” is used by Riggs
(1967) to include al phosphatic sediments of
Central Florida. It contains the phosphatic dolo-
mites and phosphorite sediments of Miocene age,
as well as the reworked phosphorites of Pliocene
to Recent age. Riggs (1967) has resurrected the
name “Arcadia”’ to refer tothe proposed Arcadia
Formation, which is the phosphatic dolomite or
limestone previously known as the Hawthorn For-
mation in the district. Theformation isthe *“bed-
rock” of the district and constitutes the greatest
part of the Hawthorn Group. The Tampa Forma-
tion is also regarded as part of the Hawthorn
Group since it is phosphatic, and may be (in part)
a time-equivalent of the Arcadia Formation.

The Bone Valley Formation, as proposed by
Riggs (1967), is defined as the principal phos-
phorite unit overlying the Arcadia Formation,
and containing predominantly terrigenous con-
stituents (quartz and clay) and more than 10%
phosphorite. This unit is composed of two phos-
phorite members which have been defined as the
Noralyn and Homeland Members by Riggs (1967).

The stratigraphically lower unit, the Noralyn
Member, isMiocene in age and contains a marine
vertebrate and invertebrate fauna. This phos-
phorite is widespread and is the principal source
of phosphate in the district. The Noralyn Mem-
ber is commonly overlainby the Homeland Mem-
ber, a name also proposed by Riggs (1967). The
Homeland Member is mostly a phosphorite which
has been reworked from the underlying Noralyn
Member. These sediments are highly cross-
bedded, sinuous, fluvial deposits which contain
abundant cut-and-fill structures and are com-
posed of interbedded channel gravels, sands, and
clays. Quartz granules and pebbles are common
and almost diagnostic of this member. The geo-
logic age of these deposits ranges from Early
Pliocene through the Pleistocene and into the
Recent as indicated by abundant articulated and
indigenous land vertebrate fauna.

STRATIGRAPHY OF THE NORALYN MINE

A generalized stratigraphic section exposed
in the mine faces of the Noralyn mine is shown
in Figure 3, as compiled from many measured
sections in the mine. The stratigraphic Noralyn
and Homeland Members of the Bone Valley For-
mation are easily recognized, mappable, litho-
logic units occurring throughout the mine area.
Each of the members is composed of numerous
distinct sediment units, so designated by number
and letters, and which are less continuous but
are definitely recognizable and mappable within
the mine area. Lateral variations in these sedi-
ment units account for most of the variation in
the quantity and quality of the phosphate re-
covered in the mining operations. Detailed map-
ping of the mine faces and careful study of the
sediment units haveformed thebasis of our know-
ledge of phosphatic sediments and their environ-
ments of deposition. In the following pages, the
general sediment units will be described and
their environments interpreted.

Arcadia Formation

The Arcadia Formation underlies the Bone
Valley Formation everywhereinthe Noralyn mine.
The rock is typically avery pale orange, poorly
sorted, massive, fossiliferous, clayey, sandy,
phosphatic dolomite. The unit contains abundant
sand-filled burrows and molds of mollusks.

Probably one of the most striking features of
the ArcadiaFormation in theNoralyn mine is the
nature of the upper contact with the Bone Valley
Formation. The upper surface, well exposed by
the mining operations, has been mapped inthe pits
as well as from drill-hole data. It is character-
ized by a series of discontinuous topographic
ridges or banks about 2 to 3 miles long, 1 mile
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FIG. 2. Proposed stratigraphic section, Central Florida Phosphate District.

wide, and about 20 to 30 feet high. Mapping in
the pits has revealed smaller mound structures,
hundreds of feet long, tens of feet wide, and 3 to
10 feet high. These smaller structures occur
nearly everywhere and cause the upper contact of
the Arcadia Formation to “roll” in the length of
a singlemine cut. The orientationof thelong axis
of structures of both scales is north-northwest.
Detailed study of the Arcadia-Bone Valley
contact has indicated that the banks and mounds
are primary sedimentary features rather than
features of tectonic origin or ground water solu-
tion. On the tops of the large banks, the contact
with the overlying Bone Valley Formation is

sharp, whereas in the low areas between banks
the contact is gradational. Tops of the highs are
irregular and contain solution pits, scoured sur-
faces, and pelecypod borings. These features
suggest that the high areas were shoals where
scour and sediment by-pass predominated, where-
as continuous deposition took place in the adja-
cent lows. These structural highs are similar
to banks and mounds on the modern ocean shelf
such as occur in Florida Bay in South Florida.
The banks and mounds are persistent fea-
tures of the Arcadia Formation and many of the
sediments in the Bone Valley Formation can be
related to these features. They undoubtedly per-
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sisted throughout deposition of the Bone Valley
Formation; however, the only topographic expres-
sion onthe present-day surface appears to bethe
very general location of the modern drainage
pattern in the inherited lows between the banks.

Bone Valley Formation

Noralyn Member

The Noralyn Member of the Bone Valley
Formation is comprised of a number of distinct
sediment units which have been mapped over a
wide area in the mines. These units are almost
all phosphorites and contain the minable phos-
phate in the mine.

At the base of the Noralyn Member is a
brown, sandy, phosphatic, dolomitic clay, which
is typically an attapulgite-rich clay. This clay
bed commonly is a few feet thick and is thickest
in the low areas between the banks of the Arcadia
Formation, pinching out onto the sides of the
banks. It thins or is completely absent over the
banks. The clay contains little phosphate, and is
commonly referred to as “bedclay” inthe mines.

Resting onthelower clay unit, ortheArcadia
Formation, is athin, discontinuousbed of micro-
sphorite. This sediment is composed of clay-
sized phosphorite which occurs as an indurated
bed in which the microsphorite cements or binds
coarser quartz and phosphorite grains. Theterm
“microsphorite” is a contraction of “micro-
crystalline phosphorite.” It was proposed by
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Riggs and Freas (1965) and is described in detail
by Riggs(1967). Two beds of microsphorite have
beenrecognizedi ntheNoraynmine. T helower-
most bed, which overlies either the brown basal
clay or the Arcadia Formation, is not well de-
veloped and is discontinuous. The upper micro-
sphorite bed, described later in this paper, is a
thicker and more continuous unit.

The lower microsphoritebed, where it rests
on the dolomite of the Arcadia Formation, has a
gradational contact which appears to bethe result
of replacement of carbonate by phosphorite. The
bed is normally thickest (3 to 4 inches) where it
rests on the carbonate on the crests of the small
mounds of the Arcadia Formation. The upper
surface of the microsphoritebed is a smooth and
hard scoured surface which has been bored by
pelecypods. Off the mounds, the bed thins and
pinches out. Locally, thephosphoritegravel beds
occur lapping off the lower microsphorite bed.

Overlying the basal units of the Noralyn
Member is a thick sequence of phosphorite sand
which comprises most of the Bone Valley For-
mation inthe Noralyn mine andisthe main source
for the silt- and sand- sized phosphate of the mine.
The unit is composed of a well sorted quartz
phosphorite sand which is up to 20 feet thick be-
tween the carbonate banks of the Arcadia Forma-
tion and thins slightly onto the banks. This unit
contains three subunits which are characterized
by the stratification. The interbank areas con-
tain a homogeneous to mottled subunit and a sub-
unit with good horizontal and cross-stratification.
These two subunits grade into the third subunit
on top of the banks, a horizontally laminated and
bedded clayey quartz phosphorite sand. Short,
thin, discontinuous clay laminae define the hori-
zontal stratification in this subunit and are diag-
nostic of the unit. Clay beds up to 1.5 feet thick
occur locally within the subunit and are normally
restricted to the areas over the mainbanks of the
Arcadia Formation. Plant impressions and
articulated sirenian bones commonly occur in
these clay beds.

This thick sequence of phosphorite sand is
very widespread and is missing only where chan-
nels of the overlying Homeland Member have
eroded the unit away. Phosphorite grains are
mostly sand size, well rounded, brightly polished,
and comprise up to 50 percent of the sediment.
Fragments of marine vertebrates such as sirenian
ribs, sharks' teeth, and ray plates are common.
Clay molds of marine mollusks occur inthe more
clayey beds, clear evidence of the marine origin
of these beds.

The best development of microsphorite di-
rectly overlies the thick phosphorite sand unit in
the Noralyn Member. The microsphorite bed is
very pale orange to moderate brown, partially
indurated, fossiliferous, laminated, burrowed,
and bored. The microsphorite is similar to the

lower microsphorite bed, but ranges up to 2 feet
thick. The bed is restricted to the tops of the
still persistent topographic depositional area.
Locally, it is broken up and its fragments dis-
seminated inthe overlying unit. Thebroken edges
of the bed commonly have coatings of additional
microsphorite which round off the truncated edges.
The upper surface of the microsphorite bed is
commonly smooth, hard, and bored. Burrows
have been found which extend through the bed into
the softer phosphoritebelow. These tube-shaped
burrows are generally coated with thin, concen-
tric laminations of microsphorite and filled with
phosphorite grains, clay, and quartz sand.

Overlying the microsphorite bed is a sequence
of very poorly sorted, clay- and gravel-rich
quartz phosphorite sand. This unit, ranging up
to 10 feet, contains abundant phosphorite gravel
and constitutes a major source of “pebble” phos-
phate in the mine. Several subunits have been
recognized and mapped over parts of the mine.
Gravel-size phosphorite is more abundant near
the base of the unit. Phosphorite sand and phos-
phorite clay beds occur upward in the unit, com-
monly suggesting graded bedding. Pavement of
phosphorite gravel, 2 to 3 inches thick and up to
hundreds of feet wide in the mine faces, inter-
rupts the apparent graded sequences and cut-and-
fill structures and truncates the normal strati-
graphic sequence. Both marine vertebrate and
invertebrate fossils are abundant in the unit.
As in the lower phosphorite unit, thin clay beds
with plant impressions occur locally, especially
on the topographic banks.

Homeland M ember

TheHomeland Member is the upper phospho-
rite member of the Bone Valley Formation. It
consistsof a sequenceof local stream channel de-
posits characterized by cut-and-fill structure,
high angle cross-stratification, mixed types of
phosphorite grains, and reworked marinefossils.
Consequently, theindividual lithic units are short,
discontinuous, and complexly interbedded sedi-
mentswhich donot recur in sequential order. The
Homeland Member contains a series of very well
sorted, interbedded, and cross-bedded phospho-
ritegravels, sands, and clays. The most common
interbedded sediment units include well sorted
and well bedded phosphorite gravels and sands;
poorly sorted homogeneous clayey, gravelly,
quartz, phosphorite sands; well bedded and well
sorted very clean quartz sands, massive gravelly,
clayey, quartz sands and sandy clays; and very
thinly laminated green clays.

These units are prolific sources of horse
teeth and articul ated skeletons of horses, camels,
mastodons, mammoths, rhinoceros, birds, alli-
gators, snakes, turtles, as well as sirenians,
whales, porpoise, sharks, fish, and rays. Large
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quartz pebbles are also diagnostic inthe sand and
gravel units.

The Homeland Member has been mapped
through successive cuts in the mines and sug-
gests a dendritic pattern. This pattern is often
reflected on the surface by the Recent stream
system. The various units interfinger laterally,
forming a complex sequence with little lateral
continuity.

STRATIGRAPHY OF THE ACHAN MINE

The stratigraphy of the Achan mine, located
about 12 miles west of the Noralyn mine, is very
similar tothe Noralyn mine. This mine isprinci-
pally a source of pebble phosphatebecause phos-
phorite gravel is predominant over phosphorite
sand. Bluish-green clay is a common constituent
of the phosphorite, and the phosphoritegrains are
principally black. The darker color of the phos-
phorite may be accounted for partly by less in-
tenseweathering inthe Achan areathanin Noralyn.
Still, the Bone Valley Formation at Achan is the
main phosphorite unit which consists of two easily
recognized, mappable members as at Noralyn.

Arcadia Formation

The Arcadia Formation is rarely exposed in
the mining operation in this mine because the
lower part of the Bone Valley Formation is com-
monly cal careous, contains low grade phosphate,
and is not, therefore, excavated. In drill holes
the Arcadia Formation has been penetrated and,
in general, itis similar to the phosphatic dolo-
mite of theNoralyn mine. The banks, which have
been mapped at Noralyn, were not recognized in
the pits at the time that this study was done at
Achan. Structure contour maps of the upper sur-
face of the Arcadia Formation, drawn from drill
holedata, indicatethat thebanksdo exist. Smaller
scaletopographic highs or mounds are, however,
commonly exposed in the mining operation.

Lenses of carbonate are common near the
top contact of the Arcadia Formation. These have
been mapped in successive mine cuts and found
to be large lens-shaped masses similar to the
mounds at Noralyn. Below the carbonate lenses
or mounds, clayey phosphorite sands may occur
so that the lower contact of the BoneValley For-
mation might be obscure. These lenses are re-
ferred toby the minersas“limehorses,” because
they are ordinarily not mined and cause abrupt
rises in the floor of the pit.

Bone Valley Formation

Noralyn Member

The basal unit of the Noralyn Member of the
Bone Valley Formation in the Achan mine is a

thick palebluish-green clayey and gravelly phos-
phorite sand which is one of theprincipal sources
of phosphate, especially pebble. Phosphorite
grains, commonly black, dark olive green, or
brown, comprise from 25 to 75 percent of the
sediment and 20 to 60 percent of the grains are
coarser than sand size. The phosphorite grains
are imbedded in a soft matrix of clay which is
composed of a mixture of attapulgite, montmo-
rillonite, and dolomite.

The unit is poorly stratified but several dis-
tinct sedimentary features are characteristic.
Some beds contain a vertical sizing of phospho-
rite intraclasts suggestive of graded bedding.
Coarser grained intraclasts occur at the base of
such beds with successively finer grained intra-
clasts toward the top. These beds are commonly
repeated several times. Other beds contain
“gravel pavements” or thin beds consisting of a
singleline of large phosphorite intraclasts. Some
of these beds persist hundreds of feet along the
mine face.

In general, this unit is thickest in the lows
between carbonate mounds. The pit bottom nor-
mally follows the lower contact of this unit so
that it traces the tops of the mounds. On the
highs, the basal unit of the Bone Valley Forma-
tion is only 2 feet thick, whereas in the lows,
it reaches 10 feet thick. In al cases, the con-
tact with the carbonate unitsbelow is gradational
over several inches.

Poorly preserved fossils have been found in
the unit. The fossils, mostly mollusks, still
retain part of the original calcite shells and have
been tentatively identified as equivalent to the
Chipola and, therefore, of Middle Miocene age.

Overlying the basal gravelly phosphorite sand
unit inthe Achan mine is a bluish-green phospho-
rite clayey sand. This unit generally contains
less than 10 percent fine- to medium-grained
sand-size black phosphorite intraclasts. The
unit is normally poorly stratified to very mottled
with rare and poorly defined long planar cross-
bedding. The abundant clay mottles are the most
characteristic sedimentary feature of the unit.
Sand-filled burrows are common and a few molds
of mollusks similar to those of the lower unit
have been observed. Plant fragments and rootlet
impressions are also common. This unit is gra-
dational and apparently conformablewith the lower
unit.

The uppermost unit of the Noralyn Member is
apalegreentovery paleorange, clayey, gravelly,
phosphorite sand similar to the lowermost unit.
It is thinner (up to 4 feet) and not everywhere
present; locally it has been removed where the
channel deposits of the Homeland Member have
eroded into the older units of the Noralyn Mem-
ber. The unit is poorly stratified and contains
sedimentary features similar to the lower gravel
unit. The lighter color of the unit is probably
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its most distinguishing characteristic. Pale
yellow-brown and orange col ors are more common
than in the lower unit.

Homeland Member

The sequence of fluvially reworked phos-
phorite gravel and sand is well developed in the
Achan mine. The phosphorite gravels, in places,
constitute an important part of the phosphate re-
covered in the operations. The unit is similar to
that in the Noralyn mine, but is not as altered,
and consequently, easier to recognizeinthe mine.

The basal unit of the Homeland Member is a
black, clayey, sandy, phosphorite gravel con-
taining 60 to 90 percent phosphorite intraclasts.
It occurs in cut-and-fill structures which consti-
tute sinuous channel deposits. The gravels thin
laterally and grade into clayey, quartz, phos-
phatic sands and interbedded clay and quartz sand.

The phosphorite gravel beds are well strati-
fied and contain complex, long, moderately steep,
planar cross-bedding. Ripple marks occur along
the upper surfaces of the clay laminae inthefiner
grained parts of the unit. Gravel pavements and
clay lithoclasts are common. The unit contains
a prolific land vertebrate fossil assemblage.

The phosphorite gravel and sand unit grades
up into yellowish gray or white sandy phosphatic
clay and clayey quartz sand. The quartz sand unit
is poorly cross-bedded and attains a thickness of
25 -feet. It is widespread and comprises the main
part of the overburden in the mine. No fossils
have been observed inthe unit, but its gradational
contact with the underlying phosphorite gravel unit
suggeststhat it is part of that succession of sedi-
mentation.

ENVIRONMENTS OF
PHOSPHORITE DEPOSITION

Sedimentation of Phosphorite

Coarse-grained phosphorite particles in the
Floridaphosphate deposits have presented a chal-
lenge to the sedimentologist. Study of the phos-
phorite grains by the writers has indicated that
they are al composed of several minerals and
are, therefore, rock fragments. The grains
contain clay minerals, quartz grains, calcite or
dolomite, small phosphorite grains—all of which
are cemented by microcrystalline phosphorite.
The larger phosphorite grains, which contain
more nonphosphatic components than smaller
grains, may be almost entirely composed of
carbonate-fluorapatite.

The most common shape of sand-sized phos-
phorite grains is discoidal or ellipsoidal. The
smaller grains are more spherical. All the phos-
phorite grains are well rounded. Even cobble-
size phosphorite has well rounded edges. The

surface of the grain is commonly smooth or
brightly polished. Inclusions of quartz grains
are beveled off where they protrude from the
surface of the phosphorite grain. The larger
phosphorite pebbles or cobbles are commonly
bored by pelecypods.

A small part of thephosphorite intheNoralyn
Member does not occur as grains visible to the
unaided eye. This phosphorite forms abed, up
to 2 feet thick, of microcrystalline phosphorite
in a matrix which cements or binds quartz, carbo-
nate, and phosphorite grains. The bed contains
an intricate network of burrows described pre-
viously, and the upper surface of thebed is com-
monly hard, well polished, and bored. This
phosphorite is mineralogically and chemically
similar to the discrete phosphorite particles
which comprise most of the phosphorite in the
sediment. The fine-grained phosphorite bed
appears to be an in situ deposit; that is, it was
formed in its present position as opposed to the
grains which have obviously been moved.

The two types of phosphorite observed in the
Noralyn Member comprise broad classes of phos-
phorite which are defined by textural character-
istics, but which also have genetic implications.
Thefine-grained phosphoritebedistermed ortho-
chemical phosphorite because it is an in place
deposit which apparently formed by direct pre-
cipitation of phosphate or replacement of carbo-
nate. The term microsphorite hasbeen proposed
for orthochemical phosphorite as a contraction of
“microcrystalline phosphorite,” which is analo-
gousto “micrite” incarbonates (Riggs and Freas,
1965).

The clastic phosphorite grains are termed
allochemical phosphorite since they are authi-
genic particles which were formed elsewhere in
the basin during the same sedimentary cycle and
subsequently transported as clastic particles.
The allochemical phosphorite has notnecessarily
been transported a long distance, but it has been
subjected to some degree of movement which
would account for the external grain character-
istics. Allochemical phosphorite canbe composed
of several kinds of particles or allochems. The
majority of allochems are intraclasts (penecon-
temporaneous fragments broken from ortho-
chemical beds of microsphorite), but fossil skele-
tal material, such as bones and teeth, coprolites
and fecal pellets are common. Oolites are also
allochems, but these have not been observed in
the Florida deposits as they have in numerous
other phosphate deposits of the world.

In addition to the types of phosphorite in the
Noralyn Member, a third class of phosphorite
occurs in the Homeland Member. This unit, as
described previously, contains phosphorite re-
worked from the underlying Noralyn Member.
The phosphorite particles, which range up to
pebble size, are fragments of older rocks and,
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therefore, aretermed lithochemical phosphorite.
It is not always easy to identify an isolated phos-
phorite grain as lithochemical unless the entire
sediment and its stratigraphic relationships are
studied. However, the reworked phosphorite is
characterized by its heterogenous mixture of all
types of phosphorite grains with a variety of
colors and degrees of alteration. In addition,
the grains are commonly coated with a black
stain although the interior of the grain may be
light colored. The stratigraphic and paleonto-
logic characteristics described previously are,
however, the most conclusive evidence of the
reworked origin of this phosphorite.

The occurrence of two types of phosphorite
in the Noralyn Member suggests that sedimenta-
tion of phosphorite is indeed complex andinvolves
mechanical as well as chemical processes. Most
of the sediments generally have a strong bimodal
size distribution. Phosphorite intraclasts are
commonly coarser grained and poorer sorted than
terrigenous constituents. Phosphorite sediments
containing abundant granule- and pebble-sized
intraclasts are commonly very clayey. These
characteristics suggest that mechanical processes
alone cannot account for the sediment types.
Phosphorite particles must have been formed
within the environment and moved enough to pro-
duce rounding and some degree of sorting. Move-
ment was not, however, generally sufficient to
produce well sorted phosphorite sediments, thus
resulting in bimodally distributed size charac-
teristics.

Examination of the phosphorite intraclasts
and the microsphorite reveals many similarities
in mineralogy, chemical composition, and tex-
tural relationships. Both are composed of a
mixture of carbonate-fluorapatite, quartz, clay
minerals, carbonate, and phosphorite grains.
Ingeneral ,themicrosphoritecontainsl essP,Os
than the intraclasts, which might be due to the
effect of weathering on different size particles.
Textural similarities of microsphorite and intra-
clasts are moreobvious inthelarger intracl asts.
These large particles have many of the character-
istic features of microsphorite, such as parts of
burrows, borings, laminations, and included
phosphorite grains. Furthermore, the micro-
sphorite unit in the Noralyn mine is in places
disrupted so that matching hard fragments are
tilted and disjointed in the plane of the bed. The
overlying unitalso contains abundant large intra-
clasts near itsbase. These stratigraphic charac-
teristics and mineralogical and textural simi-
larities suggest that at least the coarse-grained
phosphorite intraclasts were derived froman in-
durated phosphorite substrate such asthe micro-
sphorite beds in the Noralyn mine. The finer
grained phosphorite intraclasts could be frag-
ments derived from thin microsphorite laminae
or they might be fragments of thick beds which

have been abraded.

Sedimentation of phosphorite in the district
is atwo-stageprocess involving initial deposition
of phosphorite as a phosphatic mud or possibly
replacement of a carbonate mud. The phosphatic
substratewas partially indurated and subsequently
disrupted so asto produce abundant fragments or
clasts. These fragments were transported,
abraded, and sorted depending on the mechanical
energy of the environment. The original environ-
ment of deposition of phosphorite is, therefore,
more appropriately represented by the micro-
sphorite bed.

Microsphorite beds have been found by the
writers only in the eastern part of the district.
Reports of microsphorite-type material have been
made by miners who worked in the northeastern
part of thedistrict. Although a systematic search
for microsphorite has not been made in all thepits
of the district, it is thought that the material is
confined to the eastern half of the district. The
microsphorite observed in the Noralyn mine may
be deposits on the fringes of a large area of
microsphorite deposition to the north.

The microsphorite bed in the Noralyn mine
appears to have been a soft sediment or mud at
the time of deposition as indicated by burrows
and internal molds of mollusks. The animals
that produced the burrows could have lived only
on a soft bottom. Internal molds suggest that the
substrate was soft enough to flow inside the shells.
This soft, muddy sediment accumulated in shallow
water on the broad, flat tops of banks. The
microsphoritebed nearly always occurs over the
banks, which suggeststhat these shoal areaswere
favorable sites of phosphate precipitation. The
microsphorite beds generally contain thin, hard
pavements with smooth, polished, bored surfaces.
These surfaces are interpreted to be surfaces of
by-pass and could have been formed during per-
iods of nondeposition and induration of the sub-
strate or possibly by momentary exposureduring
flood tides. In either case, the amount of indura-
tion necessary to produce these features is not
great.

Phosphate deposition might have occurred
in areas of very quiet shallow water during times
when climatic conditions caused upwelling along
the east coast. In these areas, very little ter-
rigenous detritus accumulated, phosphatic muds
were deposited, and phosphate replaced any car-
bonate exposed on the bottom. The resulting
sediment was a thin sheet of phosphorite. Con-
ditions favoring phosphate deposition appear to
have fluctuated so that there were periods when
no deposition occurred or whenthere was momen-
tary emergence. During these periods, the bot-
tom became partially indurated and the bottom
was disrupted forming intraclasts by minor
storms. These were swept away by the same
storms. Thisprocess may have occurred numer-
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ous times at a single favorable location so that
these areas could have supplied an enormous
quantity of intraclasts. The size of the resulting
intraclasts would be a function of the thickness
of the indurated layer, the strength of the dis-
rupting currents, and the subsequent abrasion.
The typical discoidal shape of the intraclasts
could be expected from a thin fragmented sheet
of phosphorite. The intraclasts, therefore, were
carried as clastic grainsby currents which sorted
themtosomedegree. Bythisprocess,theparti-
cles would have come to rest in an environment
quite unlike the environment of primary phos-
phate formation.

Pal eogeography

The paleogeography of the Florida peninsula
during the time of major phosphate deposition is
summarized in Figure 4. The predominant posi-
tive structural element in the Miocene was the
Ocala arch, which had a profound influence onthe
character of sedimentation during that period of
time. The largest concentrations of phosphorite
in the Hawthorn Group occur in a wide belt sur-
rounding the Ocala arch as indicated by datafrom
well cuttings examined from wellsthroughout the
State. This arch appears, therefore, to have
been a major control of paleogeography and phos-

FIG. 4. Middle Miocene paleogeography.
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phate deposition.

The Miocene was apparently the time of
major phosphate deposition, as indicated by
paleontological correlation of the marine phos-
phorite beds in North and Central Florida. Dur-
ing this time, the peninsula of Florida was a
shallow shelf, dropping off abruptly to deeper
water on the east and sloping gently westward
into the Gulf of Mexico. The Ocala arch was a
slowly emerging, low-lying landmass, probably
a series of islands, swamps, and bays. In ex-
treme northwestern Florida and Georgia, a delta
extended out fromthe mainlandmass of the Pied-
mont. Most terrigenous detritus was deposited
in the region of this delta, although some was
carried out onto the ancient Floridabank by long-
shore currents sweeping the east coast of the
Ocala landmass. These terrigenous sediments
produced clastic facies surrounding the Ocala
arch. Carbonate sediments were deposited far-
ther offshore and were diluted with considerable
terrigenous detritus in northern Florida. In
southern Florida, carbonate sedimentation was
extensive and less terrigenous detritus reached
this regionto contaminate the warm-water fossi-
liferous limestones and dolomitic limestone.
These deposits were similar to those of the
present-day Bahama Banks. In West-central
Florida, clay and carbonate weredeposited inthe
relatively quiet waters on the west side of the
Ocala landmass.

There is no direct evidence of current direc-
tions during Miocene time. However, a hypo-
thetical model of current movement is proposed
which is based on distribution of sediment type.
The warm-water deposits of southern Florida
suggest that this region was open to the warm
Gulf of Mexico. Currents flowing out of the Gulf
would have crossed this bank and turned north-
ward much like the modern Gulf Stream. Counter-
currents, moving southward along the east coast
of the Ocala landmass, would have transported
terrigenous detritus from the north.

Phosphorite was deposited close to the Ocala
landmass in the central and northern part of the
peninsula. Upwelling could have occurred in
theseareasi ftheprevailingwindswerefromthe
south or southwest. The winds, blowing in the
same direction asthenortherly flow of the ancient
Gulf Stream, could have pushed water offshore,
thereby creating a condition for divergent up-
welling of cool, deep water.

InCentral Florida, a large spit consisting of
a series of barrier islands extended almost north-
south through Polk and Hardee counties. These
islands were built by longshore currents which
moved sand from the Ocala landmass. It is pro-
posed that primary phosphorite sedimentation
occurred behind this barrier island chain in what

was normally a relatively low energy environ-
ment. As the phosphate-rich waters shelved,
they flowed into the broad, shallow bank areas
behind the islands.

Phosphorite intraclasts were formed in this
area by the almost continuous fragmentation of
partially indurated phosphorite substrate. These
intraclasts were transported southwestward and
southward from Polk County. The coarse-grained
intraclasts (phosphorite gravel deposits) are
prevalent west of the Ocala arch in Polk County.
These coarse-grained intraclasts could have been
swept by storm currents into an environment
which was ordinarily one of relatively low
energy. Southward, into Hardee, Manatee, and
DeSoto counties, the amount of phosphorite gravel
decreases rapidly. The concentration of phos-
phorite intraclasts inthe sediments of this region
is related to the topographic structures of the
Arcadia Formation.

East of the Ocala arch, the phosphorite con-
tains a lower percentage of phosphorite gravel
than west of the arch. Southward, the phospho-
rite becomes fine grained and, at the sametime,
the overall phosphorite content decreases. Thus,
a pattern of phosphorite sedimentation emerges
in which primary microsphorite deposition took
place largely in central Polk County and supplied
phosphorite intraclasts which were mechanically
transported away fromthat area. Coarser grained
intraclasts travelled the least distance and ac-
cumulated onthetops or flanks of structural highs
(shoals) where thefineswerewinnowed out. Fine-
grained intraclasts were transported farther,
becoming morediluted, and now make up thebulk
of deposits such as those in South Florida. Small
amounts of intraclasts were carried great dis-
tances and are now widely disseminated through-
out the Hawthorn Group in Florida.

Toward the end of Miocenetime, phosphorite
deposition appears to have subsided or ceased.
Carbonate sedimentationtook place over much of
the eastern part of northern Florida and southern
Florida. The Ocala landmass appears to have
been more emergent by the end of Miocene time.

In the Pliocene, the Ocala |andmass extended
into South Floridaand its eastern shoreline essen-
tially bisected the southern Florida peninsula.
Quartz sand deposits formed along the eastern
coast and carbonate deposits were laid down over
the southern tip of Florida. Fluvial, estuarine,
and lagoonal sediments were deposited in the
Central and South Florida phosphate districts.
Phosphorite from the underlying marine sedi-
ments was eroded, transported, and redeposited
in these environments. In this way, the exten-
sive deposits of reworked phosphorite were
formed. The reworking continued through the
Pliocene into the Recent.
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ENVIRONMENTAL FACTORS CONTROLLING OYSTER SHELL DEPOSITS,
TEXAS COAST
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ABSTRACT

In recent years the demand for cement has increased tremendously along the Gulf
Coast. This increase in usage is related to the urbanization and industrialization of
the coastal plain and the acceleration of highway and other types of construction.

Several cement plants are in operation along the Texas coast, notably inthe Houston
metropolitan area and at Corpus Christi. Oyster shell formsthe basic raw material for
these plants. Shdl is, in fact, the only significant source of lime along the coast and
inland for a distance of over 100 miles. As such, it is an important mineral resource
and is being actively exploited by several companies.

Two species of molluscsform shell deposits of economic importance in this area.
Rangia cuneata (Gray), a brackish water clam, is widely used in Louisiana, especially
as a source of road metal. The common edible oyster Crassostrea virginica Gmelin
forms reefs in many bays along the northwestern Gulf Coast and is the most important
lime producer in Texas.

The development of large oyster reefs is affected by a complex interrelationship
of environmental and geological factors. Crassostrea is a sedentary form which filters
suspended micro-organisms and organic material from sea water. Itthereforerequires
a firm, stable substrate for the larvae or spat to settle and develop, and sufficiently
strong currents to carry in nutrients and remove waste products. These factors
strongly influence not only the location of, but also the geometry of reef masses. Oysters
have a relatively broad range of toleranceto changes in salinity and temperature. Reefs
are most frequently developed in areas of lowered salinity. This is due to two factors:
first, oystersare abletothriveinbrackishwater and secondly, their common predators,
especially oyster drills and starfish, are less common in these areas.

Dredging of living oyster reefs in the Texas bays is at present limited by law.
Therefore, it is desirable to develop exploration methods for buried reefs. In the
past, exploration programs have been based upon surveys with steel probes. The
State of Texas also has completed a sonoprobe survey of some of the bays during the
early developmental stages of acoustical profiling apparatus.

A more effective exploration program could be developed based upon a knowledge
of the environmental tolerances of oysters, the geologic and depositional history of the
area, and an analysis of cores to determine paleoenvironmental conditions. Large
areas could be eliminated from consideration and favorable areas studied in more
detail by applying these techniques.

INTRODUCTION

The urban industrial areas of Texas have
been in a period of unprecedented growth during
the past thirty years. Construction projects in
the cities, coupled with expansion of the highway
program, has led to a great increase in the de-
mand for aggregates, cement and other materials.
Several metropolitan areasin Texas, for example,
Dallas, Fort Worth, San Antonio and Austin, are
located on Cretaceous carbonateterranes. These
limestones provide a convenient, inexhaustible
and inexpensive source of aggregate and raw
material for cement.

The situation is quite different in metro-

politan areas along the Texas coast. The coastal
plain, dominated by terrigenous clays and sands,
extendsinland for a distanceof at least 100 miles.
The only significant local sources of lime for the
Houston, Beaumont and Corpus Christi metro-
politan areas are shell deposits from the adjacent
bays.

Crassostrea virginica Gmelin, more com-
monly known by gourmets as the eastern edible
oyster, form extensive reefs in the brackish
coastal bays. Ironically the carbonate shell of
the oyster is more important economically than
the meat of this delicious little beast. Pollution
of many parts of the Texas coast has limited the
taking of live oysters for human consumption.
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Oyster shell has on the other hand become the
basis for a multimilliondollar industry. It is the
essential raw material for avariety of processes
in the chemical industry. It is used in the manu-
facture of cement, lime base drilling muds, and
in the extraction of magnesium from sea water.
It is also widely used as concrete aggregate and
for road metal.

Production and transportation costs are
relatively low and lime from other sources is not
competitive with shell in coastal areas. Kerr
(1968) has recently discussed the economic factors
of this industry.

The shell dredging industry is presently
being threatened from different quarters. The
bays currently being dredged are also used for
other purposes by various industries and private
citizens. Long the basis for an important com-

FIG. 1.

mercial fishing industry, the bays are now ex-
tensively used for recreation and sport fishing.
Such groups have been increasingly vocal about
the effect of dredging operations on adjacent areas
in the bays.

The other serious problem facing the shell
industry isthe rapid depletion of reserves. Shell
is currently being dredged at a rate several times
faster than it is being replenished by biological
activity. At the present rate of consumption,
reservesofonlyaf ewtensofyearsarecurrently
known. The factors that influence the distribu-
tion of shell deposits are reviewed herein. Ex-
ploration programs based on these principles may
result in the discovery of older, buried deposits
of economic significance and increase the known
shell reserves.

Recent depositional systems, central Texas coast.
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GULF COASTAL SHELL DEPOSITS

The late Quaternary history that led to the
development of the present features of the Texas
coast has been thoroughly reviewed by LeBlanc
and Hodgson (1959) and Bernard and LeBlanc
(1965) and will not be discussed in detail.

The Texas coast can be subdivided into
several distinct depositional systems. These
systems called environmental complexes by Hayes
and Scott (1964a) are genetically related associa-
tions of depositional environments. As such they
have a characteristic suite of sediments and can
be mapped (Fig. 1). The occurrence of shell
deposits can be related to these depositional
systems as shown in table 1.

Two major types of shell deposits occur in
association with the chain of barrier islands

along the Texas coast. Shell content on Gulf
barrier beaches varies considerably but is es-
pecially high in the Coastal Bend region south of
Corpus Christi and north of Port Mansfield.
Beach samples containing over 50 percent shell
are common and have given rise to the place
names “Big Shell” and “Little Shell” by local
fishermen. Origin of these shell concentrations
and their relationship to longshore drift have been
discussed by Lohse (1955), Hayes (1965) and
Watson(1968). The Coastal Bend region, although
relatively inaccessible, is the only area with
beach shell in sufficient concentration to be of
economic importance. This region lies within
the confines of the Padrelsland National Seashore
which precludes the possibility of commercial
exploitation.

Tidal inlets or passes cut through thebarrier

Table 1. Shell deposits in marginal marine depositional systems, northwestern Gulf of Mexico.

SHELL CONCENTRATIONS NORTHWESTERN GULF

DEPOSITIONAL SYSTEMS

DEPOSITS S ARRIER

BAR

LAGOON

BAY DELTA

X

SHELL BEACHES

TIDAL CHANNEL
LAGS

X

X

SHELL BERMS

OYSTER REEFS

RANGIA BEDS

X
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islands and permit exchange of waters from the
lagoons and bays behind the barrierswith the open
Gulf. The strong currents in these channels con-
centrate shell debris as lag deposits. These de-
posits are associated with adjacent lagoonal, as
well as barrier island depositional systems. The
deposits vary in thicknessbut may be up to three
feet thick. Examination of aerial photographs and
old navigational charts shows numerous abandoned
tidal channels. Also active tidal channelsmigrate
along the coast due to the influence of longshore
currents. Thus major portions of the barrier
island chain are underlain by shell beds formed
as channel lags.

It is doubtful that these lags will ever be
exploited commercially. Theshell isof relatively
poor quality. Many of the shells are small, thin,
and easily broken and would form a poor aggre-
gate. They are commonly encrusted with fouling
organisms and are extensively bored by clionid
sponges. The sponge borings are filled with clay
and fine quartz sand which cannot be easily re-
moved. Introduction of large quantities of quartz
sand to lime kilns used in the manufacture of
cement would be highly undesirable.

Furthermore, the lag deposits arelocated in
narrow tidal channels, several of which aremajor
shipping lanes or are overlain by 20 to 30 feet of
barrier island sands. Remova of this over-
burden for a thin shell bed of relatively poor
quality would be, at present, uneconomical.

Largebodies of water frequently called “bays’
are located behind the chain of barrier islands
along the Texas coast. LeBlanc and Hodgson
(1959) and others have subdivided these water
bodies into two major categories on the basis of
genesis and geometry. Coastal water masses
whose long axes are parallel to the strand are
herein called lagoons. They are genetically
related to the development of the offshorebarrier
islands. The other type of coastal water body
is commonly elongated perpendicular to the
strand line. These water bodies are herein re-
ferred to as bays. They are always associated
with river valleys and represent the lower reaches
of estuaries drowned during the sea level rise
resulting from the melting of late Wisconsin
glaciers. As seen in table 1, the discrimina-
tion between lagoons and bays is significant in
considering the distribution and quality of shell
deposits.

Shell berms are developed along the margins
of both lagoons and bays. These berms or storm
ridges are seldom over four feet in height, maybe
40 or more feet wide and may extend for several
miles. They are prominent features and can
easily be mapped on aerial photographs. Berms
arebest developed adjacent to areas of live oyster
reefs, or in areas associated with spoil from
channel dredging. They also occur most commonly
along northwestern shores of bays due to pre-

vailing winds or southern shores due to the effect
of “northers.” Compound berms formed by
accretion by several storms are formed in some
areas, e. g., Indian Point adjacent to Corpus
Christi Bay (Scott, 1964, p. 43).

A series of storm berms may contain a total
of several thousand cubic yards of shell. Several
problems limit the exploitation of berm deposits.
The berms are located along the shorelines and
serve as breakwaters for storm waves. As such
they should be retained in certain areas. Berms
are generally perched on soft clay-rich marsh
deposits which will not support heavy equipment.
The volume istoo small to recommend the use of
large dredges.

At present the only shell deposits on the
Texas coast commercially exploited on a large
scale are oyster reefs. Although reefs develop
in both lagoons and bays, the largest and most
important reefs are located in the bays. Oyster
reefs are developed in all major Texas bays north
of Corpus Christi. Shell production from these
bays for the years 1966-67, 1963-64 and 1960-61
are summarized in Figure 2; more detailed
figures are given by Kerr (1968). These produc-
tion figures reflect proximity to market, as well
as relative abundance of oyster reefs. For ex-
ample, an average of over 8 million cubic yards
of shell was produced annually from the Gal veston-
Trinity Bay area. This area contains well de-
veloped reefs and is most convenient to the Hous-
ton market. In the same period less than three
million cubic yards were dredged per year from
San Antonio Bay and there was no commercial
exploitation of shell in Copano Bay. Both contain
extensive reefs whichwere not worked in prefer-
ence to more convenient deposits. Considering
current dredging procedures and equipment, San
Antonio and Copano bays represent the areas
containing the largest shell reserves remaining
on the Texas coast. These areas are discussed
in greater detail in subsequent sections of this
paper.

Oyster reefs are not developed in Baffin Bay
located 30 miles south of Corpus Christi, Texas.
The average annual rainfall in this area is less
than 30 inches and no permanently flowing rivers
discharge into Baffin Bay. At present, thereis
no natural pass through Padre Island in the vi-
cinity of Baffin Bay. These factors and the high
rate of evaporation result in salinities higher
than those preferred by oysters. Serpulid worms
have formed small reefs in this bay. These
worms secrete calcium carbonate tubes which
individually resembledrinking straws. The tubes
are tightly cemented together forming wave re-
sistant areas. The distribution, geometry and
internal structure of these reefs have been re-
ported on by Andrews (1964). It is interestingto
notethat there havebeen no reported occurrences
of living serpulid worms from Baffin Bay although
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FIG. 2. Shell production from Texas bays for years 1966-67, 1963-64 and 1960-61.

they are present in sufficient numbers to be a
serious fouling organism in other areas near
Corpus Christi.

Several factors limit the value of serpulid
reefs as potential lime sources. The reefs are
relatively small in comparison to oyster reefs,
the dead worm tubes fill with fine quartz sand
which is removed with great difficulty, the tubes
are tightly cemented to each other, and the
serpulid reefs are not located convenient to a
market. In short, they are currently more of a
menace to small fishing boats than an economically
important carbonate deposit.

Rangia shells are widely used as a source of
lime and as road metal in southern Louisiana.

This clam prefers waters of lower salinity than
oysters. Rangia shells are currently not com-
monly utilized in Texasfor this purpose, although
the clam is abundant near riversdischarging into
the various Texas bays. At present Rangia de-
posits are not competitive with oyster reefs, but
they are apotential lime source for future exploi-
tation in deltaic areas of the Texas coast.

Current dredging methodslimit the exploita-
tion of shell deposits to depths of about 40 feet
below sea level and inrelatively sheltered areas.
Thus concentrations of shell occurring at greater
depths in the bays and lagoons or in the open Gulf
are not considered commercially important under
present circumstances.
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ECOLOGY OF OYSTERS

Due to their importance as a food source,
literally hundreds of papers havebeen written on
the ecology of oysters since the turn of the cen-
tury. The factors that affect their abundance,
rates of growth and mortality havebeen reported
on at great length. It is beyond the scope of this
report to discuss all aspects of oyster ecology.
Readers interested in the biology of oysters may
pursue the subject in the monographic study of
Crassostrea virginica recently completed by
Galtsoff (1964).

Considering the value of oyster shell as a
natural resource in its own right, it is interest-
ing that few studies havebeen completed in recent
years onfactors influencing the rates of develop-
ment, geometry and location of oyster reefs. An
excellent source of information on these topics
are the United States Bureau of Fisheries oyster
surveys, including those by Cary (1906), Galtsoff
(1931), Grave (1905), Moore (1899, 1907, 1913a,
1913b), and Moore and Danglade (1915). These
reports present considerable information on en-
vironmental conditions associated with major
reefs in many coastal areas.

Galtsoff (1964, p. 397) lists the most im-
portant environmental factors affecting oyster
populations (table 2). The significance of these
factors in controlling the development and ge-
ometry of oyster reefs is discussed below. Two
areas on the central Texas coast, San Antonio
Bay and Copano Bay, are cited as case examples.
Both areas have well developed oyster reefs al-
though commercial dredge operations have not
been as extensiveas inother areas, for example,
Galveston-Trinity bays and Nueces Bay. As
such they represent the two most important areas
for future exploitation.

Table 2. Major factors affecting oyster
populations (after Galtsoff, 1964).

FACTORS AFFECTING OYSTER POPULATIONS

1. SUBSTRATE CHARACTERISTICS
2.WATER MOVEMENTS

3. SALINITY

4. TEMPERATURE

5. FOOD

6.RATE OF SEDIMENTATION
7.DISEASES AND PARASITES
8.COMMENSALS AND COMPETITORS
9.PREDATORS

10.POLLUTION

Substrate Characteristics

Oysters are sessile, benthonic organisms.
They possess a relatively short lived planktonic
larval stage. After settling of the spat the oyster
remains attached and immobile throughout the
remainder of itslife. The nature of the substrate
istherefore extremely critical for oyster devel op-
ment.

Two major types of substrates are extremely
unfavorablefor the establishment of large oyster
populations. These are soft mud and shifting
sandy substrates. Oysters growing on soft muds
slowly sink into the sediment and are suffocated.
Oyster spat and small individuals are buried by
sands that are in motion at the sediment-water
interface with similar results.

Oysters will grow equally well on hard rocky
substrates, stable sands, and stiff muds that are
capable of supporting their weight. One of the
most favored substrates for spat settlement is
the shell of other oysters, living or dead. This
is one of the primary reasons that oysters form
reefs rather than occurring as individuals widely
spaced throughout a favorable habitat.

The shape of oyster shells commonly reflects
substrate characteristics. Many shells conform
to the shape of the substrateto which they are ce-
mented. Clumps of oysters growing on firm
sandy substrates have broad flat individuals with
a relatively low length to width ratio. In con-
trast oysters that grow on muds often are ex-
tremely narrow and elongate with the axis of
growth oriented vertically. Unlike many pelecy-
pods, oysters do not have siphons. Water carry-
ing nutrients and oxygen is taken in along the
margin of the shell. If this margin is covered
by sediment the oyster soon expires. There-
fore, if the oyster can add new shell material at
a rate equal to or greater than the rate of sub-
sidence it survives. On soft substrates growth
is concentrated along a narrow axis resulting in
an elongate shell.

Surficial sediment characteristicsof the cen-
tral Texas bays has been studied by Shepard and
Moore (1955 and 1960) and many other workers.
The generalized distribution of major sedimentary
facies in the vicinity of San Antonio and Copano
bays is shown in Figures 3A and 3B.

The bay center is essentially flat with water
depths averaging 8 to 12 feet, except where reefs
rise above the adjacent bay floor. The bay mar-
gins slope gently toward the bay center. At a
depth of about four feet this slope steepens. The
resulting shape can be compared with a broad
soup plate with a gently sloping rim and a flat
bottom separated by a steeper slope. The domi-
nant sediment type in the bay center is soft muds
and sandy sediments are characteristic of the
bay margin facies.

The shape of oyster clumps and even reefs
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is also strongly influenced by the firmness of the
substrate. Oyster clumps have been observed in
soft muddy areas in Redfish Bay near Aransas
Pass, Texas, that were only one foot in diameter
and extended more than 2-1/2 feet beneath the
sediment-water interface. Probing near reefs
associated with soft bay center muds has revealed
that many of the reefs have sharp, nearly vertical
walls. A probe taken on the edge of a reef may
penetrate 10 or more feet of shell. A second
probe made only 30 feet away may not penetrate
any shell beds. Similar observations have been
reported by Norris (1953) on buried reefs probed

in San Antonio Bay.

The plan view of reefs in bay centers is
generally narrow elongate bodies. The long axis
of the reef tends to be oriented at right angles to
currents.

The sharp lateral facies change across the
reef is due to two important factors. The muds
adjacent to the reefs are not as favorable for the
establishment of oyster spat as the shell sub-
strate. The sediment underlying the reef may
initially have been capable of supporting a thin
layer of oyster shell. As the reef grew, the in-
creased weight caused subsidence of the shell

FIG. 3A. Sedimentary facies, San Antonio Bay, Texas.
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FIG. 3B. Sedimentary facies, Copano Bay, Texas.

resulting in a ridge-like reef with sharp walls.
In contrast reefs growing along sandy bay margins
formbroad flatswhich develop into thin, laterally
persistent shell beds.

Two rivers, the Aransas and the Mission,
flow into Copano Bay. These rivers have rela-
tively small drainage basins and carry relatively
small sediment loads. The Mission River flows
into MissionBay, a small enclave on the western
shore of Copano Bay, before actually passing into
the larger water mass. Mission Bay thus acts as
a settling basin for Mission River sediments.
Therefore, no large delta is forming at the head
end of Copano Bay (Fig. 3B).

The Guadalupe River that discharges into
San Antonio Bay is a major river that traverses
the entirewidth of the coastal plain. Its sediment
load is sufficient to form a large bayhead delta
(Fig. 3A). This delta is fringed by delta front

sands and prodelta clays. Neither of these litho-
topes is favorable for the establishment or
maintenance of oysters.

Water Movements

Water circulation is essential for the estab-
lishment and maintenance of oyster populations.
Oysters feed on planktonic organisms suspended
in the water column. Since they are sessile they
are dependent upon water currents to bring food
as well as oxygen to them. The suspended ma-
terial is trapped on sheets of mucous on the
oysters’ gills; this mucous is then moved through
the digestive tract by ciliary action. After the
nutrients have been digested, mucous containing
large quantities of inorganic materials such as
clay particles is expelled in the form of long
strands. Currents sufficiently strong to carry
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these strands away from the oyster are neces-
sary for development of reefs or the material
settles and eventually suffocates the oyster colony.
Galtsoff (1964, p. 400) states that the ideal con-
dition for oyster populations is a steady non-
turbulent flow of water, strong enough to remove
waste materials and to provide food and water.
He also points out the importance of water cur-
rents in the dispersal of oyster larvae.
Circulation in estuarine environments, such
as the Texas bays, is extremely complex. Cur-
rents are caused by the interaction of tidal ex-
change, river discharge, winds and density
differences due to variations in temperature,

salinity and suspended matter. Minor shifts in
wind direction or river discharge can cause major
changes in circulation patterns in shallow bodies
of water. A limited number of measurements of
currents and wind velocities was made in the vi-
cinity of San Antonio and Copano bays as a part of
Project 51 of the American Petroleum Institute.
These data were summarized by Shepard and
Moore (1955, pp. 1481-1493). Parker (1959, p.
2112), utilizing this information, the distribution
of sediments, surface isohalines and isotherms,
published a generalized map of circulation pat-
terns for the bays of the central Texas coast.
This map is the basis for Figures 4A and 4B.

FIG. 4A. Generalized circulation, San Antonio Bay, Texas.
Size of arrow indicates comparative current strength.
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FIG. 4B. Generalized circulation, Copano Bay, Texas.
Size of arrow indicates comparative current strength.

A detailed study of the physical oceanography
of the Texas bays has not been undertaken to date.
The generalized patterns based upon deductions
and qualitative field observations are sufficient
to emphasize a very strong correlation between
water circulation patterns and the location, size
and shape of oyster reefs. In general, it can be
said that reefs are largest in areas of relatively
strong currents wherethe greatest volume of food
bearing waters are passed over the oysters.
These larger reefs also tend to be elongate with
their long axis oriented perpendicular to the
major currents. Examples of elongate reefs
oriented across currents are obvious in both
Copano and San Antonio bays.

Galtsoff (1964, p. 404) points out that oysters
are euryhaline and are able to live in sea water
of awide range in salinity. They prefer brackish

waters with salinities from 30 %o to about 5 %o
but can survive sudden changes in salinity of short
duration, such as those caused by flood waters
diluting the saline bay waters. This is accom-
plished by merely closing their valves and iso-
lating themselves from the unfavorable water.
Prolonged periods of flooding cantotally decimate
oyster populations. This is caused not only by the
lowered salinity but also by the sudden increase
in the rate of sedimentation.

Prolonged exposure to salinities greater than
32 %o also has an unfavorable effect on oyster
populations as reported by Parker (1955). Such
an increase in salinity occurred in the central
Texas bays as the result of a six-year drought
from 1948 to 1953. The fauna of the oyster reef
community was altered with Ostrea equestris, a
species preferring higher salinities, gradually
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replacing Crassostrea virginica. The rate of
shell production is much less in O. equestris
than the larger species C. virginica.

Increased salinity has another deleterious
effect on oyster populations. Many oyster preda-
tors prefer waters of higher salinities than is
optimum for C. virginica. Therefore, higher
population densities and consequently greater
rates of shell productionaremaintained in waters
of salinities from approximately 15 to 25 %o .
Salinity measurements in Texas bays have been
made by many workers over the forty years.
Galtsoff (1931) published the first isohaline maps

of the Copano-San Antonio bay region based upon
measurements made in the winter of 1926. Por-
tions of these maps are presented in Figures 5A
and 5B.

Thesefigures show a strong salinity gradient
ranging fromlessthan 4 %. near the mouth of
the Guadalupe River to over 26 %o in Espiritu
Santo Bay near the tidal inlet PassCavallo. This
gradient is duetothedilution of the saline waters
of the bay by the river. Copano Bay also shows
a salinity gradient, as does Aransas Bay, the
lagoon south of Rockport. This gradient is not
as sharp nor does it encompass such a great

SALINITY IN %4,
~AFTER GALTSOFF (1931)

Il MAJOR OYSTER REEFS

E=] BAY CENTER MUDS
(WATER DEPTH > 6 FEET)|

DELTA PLAIN
] PRODELTA CLAYS

FIG. 5A. Generalized isohalines during period of “average” rainfall, San Antonio Bay, Texas.
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FIG. 5B. Generalized isohalines during period of “average” rainfall, Copano Bay, Texas.

range of salinities due to the lower discharge
levels of Aransas and Mission rivers. QOyster
populations, therefore, do not vary aong the
axis of Copano Bay as they do in San Antonio Bay,
but remain high throughout.

Collier and Hedgepeth (1950) and Parker
(1959) havedescribed salinity changes associated
with major floods. Copano and San Antonio bays
were virtually fresh after a flood in June, 1957,
as reported by Parker. Similar freshings are
not uncommon. Baffin Bay, south of Corpus
Christi, is normally hypersaline. Heavy rains,
totaling over 30 inches, were associated with
Hurricane Beulah in September, 1967. Behrens
(1967) had been monitoring the salinity of Baffin
Bay for several months prior to the storm. He
reported that fresh water completely filled the
bay for weeks after the storm. Continued heavy
rains in the area kept salinities at a low level

(about 15 %o ) for over six months.

Phleger and Lankford (1957), Parker (1955,
1959) and others have reported on salinities in
San Antonio and Aransas bays at different stages
in the prolonged drought from 1948 to 1953.
During this drought, salinities in the bays rose
well above 36 %o andremained therefor several
months. The changes in the composition of the
oyster reef community and other invertebrate
populations have been documented by Parker
(1955).

From the above discussion it can be seen
that salinity fluctuations sufficient to cause drastic
changes in oyster populations and even faunal
assemblages are common in the bays of the cen-
tral Texas coast. Such changes appear to be of
relatively short duration geologically speaking,
seldom being longer than a few years. Patterns
similar to those shown in Figures 5A and 5B
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have probably been prevalent for at least the past
thousand years based upon the known distribution
and volume of shell reefs dominated by Crass-
ostrea virginica.

Temperature

Diurnal and seasonal water temperature
fluctuations closely parallel air temperatures in
the shallow waters along the Texas coast. Oysters
are eurythermal organisms and are seldom ex-
posed to lethal temperatures in the Texas bays.
Exceptions occur when oysters are exposed sub-
aerially during extreme low tides caused by
strong winds. If this occurs during the summer
the sun can cause the temperature of the body
fluids of the oysters to exceed the upper limit of
tolerance.

Food

Oysters feed on microplankton and other
suspended organic matter. They are not selec-
tive in their diet and feed upon whatever larvae,
phytoplankton, and other organisms that pass
through their mantle margins. Galtsoff (1964,
p. 409) points out that extremely high concentra-
tions of phytoplankton have a harmful effect on
oyster populations. The ideal condition for the
feeding of oysters is in water free of pollution
and suspended sediment with low concentrations
of small diatoms and dinoflagellates flowing
across the bottom in a nonturbulent flow.

Phytoplankton production and species compo-
sition varies seasonally; however, productivity
is sufficient to sustain large oyster populations
in most areas that are otherwise suitable.

Rate of Sedimentation

This factor is of great importance to sessile
epibenthic organisms such as oysters. Oysters
as previously mentioned live on the sediment-
water interface and have no means of extricating
themselves should they sink into soft sediments
or be buried by newly deposited sediment. Even
a layer of clay one millimeter thick deposited
after a flood or storm can prove disastrous to
oyster spat.

The rate of sedimentation in the center of
Texasbays is low and these are, therefore, quite
favorable to oysters in this respect. Unfortu-
nately the soft muds limit the distribution of
oyster populations to the crests of elongate
transverse reefs. This pattern of reefs alter-
nating with mud having few oysters in Copano
Bay (Fig. 3B) is in part due to differences in
sedimentation rates. Thereef crests are covered
with less than a foot of water at high tide. Cur-
rents strong enough to remove the mucous strands
and other wastes are developed as the wind drives

water across these reefs. Water in the interreef
areas averages about eight feet indepth and cur-
rents, especially near the sediment-water inter-
face, are weak. These interreef areas, there-
fore, form excellent settling basins for the
sediment-rich mucous strands. This slimy
coating on the sediment interface inhibits the
establishment of oyster spat and suffocates young
oysters.

Absence of exposed oyster reefs in the pro-
delta facies in San Antonio Bay (Fig. 3A) is also
due to the high rate of sedimentation character-
istic of this environment. Studies of the Guada-
lupe Delta have shown that progradation of the
delta has buried several large oyster reefs.

Diseases and Parasites

A variety of diseases and parasites infect
oysters and can completely decimate local popu-
lations. Such epidemics are not uncommon but
rarely persist for prolonged periods of time.
Most oyster shell deposits are formed over a
period of several hundreds or in many cases
thousands of years. Therefore, short term
effects of oyster diseases aredifficult to evaluate
and are probably geologically insignificant.

Commensals and Competitors

Oysters compete with all other suspension
feeders; however, food is seldom the factor that
limits the distribution of oysters. More impor-
tant is the “Lebensraum” factor. Oyster spat
compete with other larvae for space to settle and
develop. At higher salinities, or in areas other-
wise unfavorable for Crassostrea, fouling organ-
isms become a serious threat to oysters. They
feed on oyster spat, occupy favorable settling
areas, grow over shell margins and suffocate
them with feces and pseudofeces.

Several species bore into living or dead
oyster shells. Among the most common of these
boring organisms arethe clionid sponges. Oyster
shells in some areas are completely riddled by a
complex network of borings. Such borings greatly
weaken the shell and decrease the value of the
shells.

Predators

Oysters are eatenby a variety of other orga-
nisms such as oyster drills, crabs, starfish, as
well as man. The following example illustrates
the complexity of predator-prey relationships and
the effect of other environmental factors. Many
of the oysters’ most voracious predators, such
asthedrills and starfish, prefer salinities greater
than 30 %eo. Crassostrea virginica can tolerate
and even thrive at these higher salinities; how-
ever, the increased rate of predatation limits the
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size of oyster populations in such areas. Again
it must be emphasized that the effect of an en-
vironmental factor cannot be considered without
considering all other factors.

Pollution

Raw sewage, petroleum distillates, pesti-
cides and other effluents are an increasingly
serious threat to oysters living in Texas bays.
Man, on the other hand, has not had a significant
effect on the distribution of the shell deposits
currently being mined. This is only because
these deposits accumulated over the past several
hundred years prior to the introduction of large
human populations to the Texas coast. Restric-
tions havebeen placed on the use of shell dredges
dueto their effect on adjacent areas. Clay placed
in suspension by the dredging operations settles
in adjacent areas and can kill live oysters.

OY STER REEF GEOMETRY

The most common shape of oyster reefs ob-
served on navigational charts or aerial photo-
graphs is an elongate ridge-like form. The long
axis of reefs may be oriented perpendicular to
major current directions as in the case of trans-
verse reefs(Fig. 6). Reefs with their axisparal-
lel to currents are termed longitudinal reefs
(Fig. 6). Examples of both of these types of
reefs are developed in Copano and San Antonio
bays (Figs. 3A and 3B).

OYSTER REEF GEOMETRY

A. PANCAKE

\|||||||||||||||||||||||||||||||||||||| ..
""""""""""‘ e

i

B. LONGITUDINAL

FIG. 6. Magjor types of oyster reefs, Texas bays.

Oysters also form broad thin veneers on
favorable substrates. These beds or flats are
herein referred to as pancake reefs (Fig. 6).
Pancake reefs may have circular, ova or ir-
regular amoeboid outlines.

An explanation for the development of elon-
gate oyster reefs was first proposed by Grave
(1901, 1905). Clumps of oysters initially develop
a the more favorable shoreline or nearshore
positions. These clumps expand by growing into
the current away from the shoreline.

The development of transversereefs is shown
schematically in Figure 7. Oysters will continue
to accrete upward until the reef surface is within
a few inches of the mean high tide level. The
reef, therefore, strongly affects circulation in a
bay. An analogy can be drawn between trans-
verse reefs in a bay and a pipe with constric-
tions. If water is pumped through the pipe, the
velocitieswill be greater in segments with smaller
diameters. Currentswithinabay will be stronger
where the water is moving across a shoal or reef
than in other areas. The crest of reefs, there-
fore, is more favorable for oysters and larger
popul ations.

The problem of “self-silting” of oysters by
the settling of mucous strands has previously
been discussed. The spacing between transverse
reefs is dependent on several variables including
currentvelocity, population densities on the reef,
amount of suspended sediment, and depth of water
in interreef areas.

Price (1954) points out that there are also
longitudinal reefs in the bays that do correspond
to Grave's concept of development. He further
noted that these are aligned with their long axes
parallel to channelsand commonly occur as pairs.
Acoustical profiling shows that longitudinal reefs
are associated withriver valleys entrenched dur-
ing the late Pleistocene low sealevel stage. The
reefsdeveloped onthe stable and slightly elevated
natural levees as the valleys were flooded.

Pancake reefs represent oyster beds that
have grown on favorable substrates. They are
seldom more than two or three feet thick and
commonly overlie a firm surface. The plan
view of the bed is influenced by the configura-
tion of the initial surface and various hydro-
graphic variables.

BAY SHELL DEPOSITS

The volume of shell varies considerably in
different sections of a bay. Figure 8 is a highly
generalized cross sectionthrougha typical Texas
bay. It should be noted that the abundance of
oyster shell is greatest near the mouth of the bay.
Commonly, Texas bays have peninsulas or points
extending out intothe bay andpartially constrict-
ing it a this position. These peninsulas are
sandy ridgesthat arethe remnants of a system of
Pleistocene barrier islands related to the Ingle-
sideBarrier. They form a ridge across the mouth
of the bay which provided an ideal substrate for
the establishment of oyster reefs. Severa of the
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DEVELOPMENT OF TRANSVERSE
OYSTER REEFS

{NTERREEF MUDS SHELL REEF

FIG. 7. Relationship of current velocities and the development of transverse oyster reefs.
Size of arrow denotes relative velocities.

SCHEMATIC
SECTION
TEXAS BAY

i A BAY HEAD DELTA TRANSVERSE REEFS A

{ B LAGOON

FIG. 8. Schematic section of Texas bay showing distribution of major oyster reefs.
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most important reefs currently being dredged for
shell are located in this zone.

The volume of shell decreases away from
this ridge in both directions. Series of trans-
verse reefs commonly grow across the central
portion of the bays. These reefs are from several
hundred feet to over four miles in length and
average only a few hundred feet wide. They may
be 20 or more feet thick and commonly have
steep walls.

The head end of the bay is characterized by
a decrease in exposed oyster reefs. The high
rate of sedimentation in this area, due to the
progradation of bayhead deltas, is unfavorable
for oysters. Probes and cores in this area and
on the deltaic plain reveal the presence of buried
oyster reefs. These reefs may be transverse
reefs or longitudinal reefs associated with old
channels, but more commonly they represent
pancake reefs.

Charts of the Texas lagoons indicate the
presence of many oyster reefs. Several of these
are sufficiently large to form extensive shell
deposits. In general, the lagoonal reefs are
located in higher salinities, are exposed to more
oyster predators and have alower rate of growth.
They are also associated with sandy sediments.

FUTURE PROSPECTS OF
THE SHELL DREDGING INDUSTRY

At present rates of consumption, shell de-
posits currently being exploited in bays conven-
ient to Houston and Corpus Christi will be ex-
hausted in a very few years. Dredging operations
will then undoubtedly move into other bays such
as Copano and San Antonio. Thegreater distances
fromdeposit to plant will add to production costs,
but shell will still be competitive with cement or
limetransported overland to the Houston market.

The shifting of dredging operations to other
less convenient bays will only postponethe prob-
lem for a few more years. What will happen
after these reserves are also depleted? Explora-
tion for other shell deposits should be concen-
trated on three potential areas.

Present dredging methods limit operations
to a depth of less than 40 feet below sea level.
Thus, shell can be processed only 30 feet below
the sediment interface if thedredge is floating in
10 feet of water. It has been suggested that
simple modification of the dredges to permit
deeper cutswould solvethe problem of thevanish-
ing reserves. | doubt that this will be the case.
The bays are not wells of shell. They are par-
tially filled river valleys. Thus deeper dredge
cuts would eventually penetrate alluvial or non-
marine sediments. Acoustical profiling methods
are currently available to determine accurately
the thickness of Recent sediments overlying the
Pleistocene surface. Cores taken in conjunction

with this programwould delineatethethickness of
estuarine facies capable of supporting oysters.
The areas of thickest sediments filling the old
river valleys are outlined on Figures9A and 9B.
Exploration for deeper deposits should be con-
centrated in these areas.

A second area for future exploration is in
Pleistocene depositional systems. Bernard and
LeBlanc (1965) and others have pointed out the
remarkable similarity between thedistribution of
facies associated with the Ingleside Barrier and
the present coastal physiographic elements. The
Ingleside represents sediments deposited during
the late Wisconsin at a time when sea level was
approximately the same as it is now. A system
of barrier islands and lagoons developed that are
analogous to the present features.

Pleistocene depositional environments are
easily mapped on aerial photographs due to the
contrast in floras (Hayes and Scott, 1964b). Live
oaks predominate onthe well drained sands of the
barrier island. Their dark tones are easily dis-
tinguished from the lighter mesquites that grow on
the poorly drained lagoonal clays. Pleistocene
deltaic plains are characterized by the presence
of cultivated fields. Figures 10A and 10B show
the areal distribution of Pleistocene Ingleside
facies in the vicinity of San Antonio and Copano
bays. Note the presence of a Pleistocene tidal
pass near the mouth of Copano Bay. This north-
northeast trending channel is presently occupied
by St. CharlesBay and hasthe same alignment as
the modern tidal passes Cedar Bayou and Aransas
Pass.

One of the most promising areas for shell
deposits is in the Ingleside lagoonal facies. As
pointed out previously, reefs are common in
similar areas today. This land is poorly drained
and is generally not under cultivation.

A third area for future exploration is the
coastal region near the Brazos and Colorado
rivers. Bays are associated with all of the
major riversthat crossthe coastal plain of Texas
(Fig. 1) withbut three exceptions: the Rio Grande,
Colorado and Brazos rivers. These rivers carry
the heaviest sediment loads and have succeeded
in filling their valleys by deltaic progradation.
It is reasonableto assume, especially inthe case
of the Colorado and Brazos rivers, that their
bays contained major oyster reefs prior to their
being filled.

Since deltaic and alluvial facies obscure
details of the underlying bay facies, amajor
exploration program would be necessary to de-
termine the extent of buried shell deposits. Such
a program should involve shallow seismic profil-
ing, coring and detailed analysis of aerial photo-
graphs.

Potentially, shell deposits of the magnitude
of those in Galveston, Trinity and Nueces bays
underliethealluvial and deltaic plains of the Colo-
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FIG. 9A. Areas of potential shell deposits, San Antonio Bay, Texas.
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BAY CENTER MUDS

COPANO BAY

Bl MAJOR OYSTER REEFS

WATER DEPTH > 6 FEET

FIG. 9B. Areas of potential shell deposits, Copano Bay, Texas.

rado and Brazosrivers. This large complex lies
only 40 to 50 miles south of the Houston metro-
politan market. Costs of exploiting these deposits
would be much higher than reefs currently being
mined due to increased costs of land acquisition,
transportation and production methods.

The mere presence of shell or any other
mineral deposit does not necessarily mean that
it is economically feasible or even desirable to

develop it. Other political, social and economic
factors play an important role. Oyster shell is
an important natural resource along the entire
Gulf Coast. An exploration program for addi-
tional reserves based upon a sound scientific
basis should be undertaken to expand the rapidly
diminishing reserves. Expense of this program
would be repaid many times over by the discovery
of additional shell deposits.
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FIG. 10A. Pleistocene Ingleside depositional systems in vicinity of San Antonio Bay, Texas.
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FIG. 10B. Pleistocene Ingleside depositional systems in vicinity of Copano Bay, Texas.
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GRAVEL DEPOSITS OF THE MINNEAPOLIS QUADRANGLE, MINNESOTA

R. K. Hogberg
Minnesota Geological Survey
The University of Minnesota

Minneapolis, Minnesota

ABSTRACT

The position of surficial glaciofluvial gravel deposits within the Minneapolis 15-
minute quadrangle was controlled by the prominent St. Croix Moraine. Beginning
approximately 13,000 years ago, the Grantsburg Sublobe, flowing from the south-
west, overrode morainal topography left by the Superior Lobe (>13,700 - <40,000
B. P.), which had advanced into the Minneapolis lowland from the northeast and
formed the St. Croix Moraine at its terminal position. During the retreat of Grants-
burg ice, three types of glaciofluvial gravel deposits were formed—braided outwash
fan, crevasse, and valley train.

Braided outwash-fan bodies were formed near the leading edge of Grantsburg
recessional moraines and in topographic lows within or on the flanks of the buried
St. Croix Moraine. Crevasse bodies were deposited within fractures developed by
tensional forces in the stagnating ice at the crest or on lee slopes of the buried
moraine. Gravel-bearing valley trains accumulated adjacent to a deep preglacial
valley now occupied by the Minnesota River. Valley train bodies were formed by
late Grantsburg meltwater rivers during the breaching of the St. Croix Moraine.
In early post-glacial time most river terrace bodies were formed from the lagged
gravels of eroded moraine.

Lithologic analyses of -5/8, +3/8 rock particles from the four types of deposits
indicate that pre-Grantsburg regolith was a source for a substantial amount of the
gravel. Events of late glacial and post-glacial time had little effect on the deposits.

INTRODUCTION pebble lithologies.
Regional and local geologic relationships
Gravel-bearing sands accumulated within will be discussed first. Later, | will describe
certainrestricted depositional environmentsdur- the gravel-bearing sands within the limits of

ing the Pleistocene Epoch. Knowledge of the generalized stratigraphic models.
present day position of these depositional environ-
ments, gained from studies of regional and local
stratigraphic controls, can aid appreciably in
the search for commercial gravels.

This approach was used in a study of the 15-
minute Minneapolis quadrangle, within the Twin
Cities metropolitan area of southeastern Minne-
sota (Fig. 1). Approximately 217 square miles of
land area was mapped; the area includes most of
the southwestern urban and suburban TwinCities,
in which about one-half million people live.

Theglacial deposits, which containthe gravel
bodies, were mapped on7-1/2-minutetopographic
base maps. Upon completion of field mapping,
detailed field investigations were carried out.
This work included: (1) measurement of pebble
orientations in till to determine ice-flow direc-
tionsand (2) detailed examinationof the stratigra-
phy of individual gravel bodies to learn their
relative position, size, and sequence within the
pile of glacial drift. Laboratory procedures con-
sisted of clay mineral and lithologic analyses to
determine the provenance mixture. An estimate FIG. 1. Map showing location of Minneapolis
of gravel quality was made from an analysis of quadrangle.

Minneapolis
Quadrangle
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BEDROCK GEOLOGY

Glacial deposits ranging in thickness from
100 to 450 feet cover the Paleozoic bedrock sur-
face of the Twin Cities metropolitan area. The
direction of glacier ice flow was controlled par-
tially by pre-glacial bedrock topography, which
is dominated by valleys, now buried, that are 50
to 450 feet deep and 0.25 to 1.25 miles wide.
One of these valley complexes—now beneath the
MinnesotaRiver valley—had a profound effect on
the deposition of commercial gravels.

GLACIAL GEOLOGY

Wisconsin glaciation of the Pleistocene Epoch
in the TwinCities area is represented by exposed
drift fromtwo major ice advances— Superior Lobe
and the Grantsburg Sublobe (Wright and Ruhe,
1965). Both Superior and Grantsburg deposits
contain a considerable amount of rock material
from earlier Pleistocene glaciation.

FIG. 2. Regional extent and direction of flow
of the St. Croix Phase of Superior Lobe, Wiscon-
sin Epoch. Thedark gray pattern is pre-Superior
Lobe drift.

Figure 2 is a regional map of Superior Lobe
glaciation. The open arrow indicatesdirection of
ice flow from the Superior lowland southwesterly

into the Minneapolis lowland. Terminal position
of the Superior Lobe is marked by the St. Croix
Moraine, which withinthe Minneapolis quadrangle
ranges in width from 5 to 10 miles and in height
from 150 to 300 feet. Most of the Superior Lobe
drift is very sandy, but clay- and silt-size parti-
cles make up morethan 50 percent of some expo-
sures. The St. Croix Moraine is breached in the
northeastern corner of the quadrangle by the
Mississippi River, and in the southern part by
the early Minnesota River (Fig. 1).

Figure 3 is aregional map of the DesM oines
Lobeglaciation, thelast Wisconsin ice advance in
Minnesota. The Grantsburg Sublobe ice sheet
flowed northeasterly into the Minneapolis |lowland,
beginning about 12,700 B. P. (Wright and Ruhe,
1965). The surficial bodies, described in this
paper, are confined to the Grantsburg drift.

FIG. 3. Regional extent and direction of flow
of the Grantsburg Sublobe of the Des M oines Lobe.

Grantsburg ice overrode deposits left by the
Superior Lobe, which had withdrawn from the
Minneapolis lowland approximately 1,000 years
before (Wright and Ruhe, 1965). Erosion was
minor during the short interstadial period between
the two ice advances, as indicated dramatically
by scattered surficial deposits of the earlier
Superior Lobe drift. These Superior Lobe de-
posits were still standing as scattered, ice-
defended, nunatak moraines when the Grantsburg
ice sheet overrode the Minneapolis lowland.
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Figure 4 is a generalized map of surficial
deposits of the Minneapolis quadrangle. The
map, compiled from field data, shows the loca-
tion and extent of the units of Grantsburg drift
and two small exposed areas of Superior Lobe
drift (in black) that were sufficiently large to be
shown at the map scale. The small solid arrows

FIG. 4. Surficial geologic map of the Minne-
apolis quadrangle, Minnesota.

depict probable mean directions of Grantsburg
ice flow. Near its terminal position in the
southern part of the Minneapolis quadrangle, ice
flowed toward a deep, preglacial, bedrock valley
which underlies the present-day MinnesotaRiver
valley (Sloan and Austin, 1966). During retreat
from its terminal position, Grantsburg ice formed
several recessional moraines which are delineated
on Figure 4 by a series of east- to southeast-
trending exposures of till. The short, south to
southwest-trending lines represent crevasse
ridges—one of the types of gravel bodies—that
are fillings of fractures developed in the stag-
nating ice.

Gravel bodies deposited by meltwaters from
the retreating Grantsburg Sublobe ice can be
fitted into one of four generalized stratigraphic
models: (1) braided outwash fan, (2) crevasse,
(3) valley train, and (4) lagged bodies. However,
none of the gravel bodies fits perfectly into any
one specific stratigraphic model.

GLACIAL HISTORY OF THE
MINNESOTA RIVERVALLEY

To observe the glacial history of two of the
types of gravel bodies, let us look through the
“window” provided by the MinnesotaRiver valley
(Fig. 1). During Grantsburg glaciation, melt-
water rivers chokedwithiceblocks carried large
volumes of gravel-size material that accumulated
in lens-shaped bodies; bases of initial gravel
bodies rested directly on the bedrock shoulder of
thedeepvalley. These valley-traingravel bodies
wereformedwhile meltwater riverswerebreach-
ing the St. Croix Moraine downstream.

Major post-glacial events in the Minnesota
River valley were: (1) deposition of an alluvial
veneer uponthe earlier valley traindeposits, and
(2) erosion of glacial River Warren—the river
that drained the famous Lake Agassiz, which
occupied a basin that included parts of north-
western Minnesota, northeastern North Dakota,
and Saskatchewan, Manitoba, and Ontario, Canada
(Matschand Wright, 1967). Glacial River Warren
eroded its channel down to bedrock and eventually
migrated northward and downward into unconsoli -
dated sediments that filled the deep preglacial
bedrock valley mentioned earlier. During down-
cutting, coarse glacial materials remaining from
the erosion of St. Croix Moraine were reworked
by River Warren and redeposited on the bedrock
surface as lagged gravel bodies. When drainage
of Lake Agassiz shifted from south to north, the
early Minnesota River—the underfit stream
occupying the former River Warren channel—
became an aggrading stream. Deltas formed
within the channel when the volume of tributary
streamflow became greater than that of thetrunk
stream. Thus, the channel was filled to the pre-



154 Depositional Models in Economic Stratigraphy

sent flood plain level in post-River Warren
time.

GRAVEL BODY MODELS

With this background on the general geologic
setting, | will now describe depositional environ-
ments of three types of gravel bodies within
limits of generalized stratigraphic models.

Braided Outwash Fan Bodies

Braided outwash fans are the most abundant
and, therefore, the most important of the gravel
bodies within the Minneapolis quadrangle. The
bodies studied are located near the leading edge—
ice contact—of the Grantsburg recessional
moraines (Fig. 4) within topographic lows or on
the flanks of the buried St. Croix Moraine. The
gravel bodies are lens- to wedge-shaped, as
much as 150 feet thick, 200 to 1,320 feet wide,
and 300 feet to a mile long.

FIG. 5. Generalized stratigraphic section of
a braided outwash-fan body. See Figure 6 for
legend.

Figure 5 is a longitudinal section through a
braided outwash fan—a model generalizing the
field observations of this type of gravel body.

The stratified layering of thebody shows that
there were repetitive changes in the competence
of meltwater streams. Most of the body is com-
posed of sand-size particles in which pebble-rich
layers are common and cobble-rich layers rare,
except near the basal and upper parts. Pit-run
materials average 25 to 40 percent pebble-size
(0. 187 inch) and larger particles. Pebbles are
composed of about equal amounts of igneous and
sedimentary rocks.

Crevasse Bodies

Figure 6 shows the topographic form of the
second, or crevasse, type of gravel body, which
formed near the crest or at lee slope positions
above the buried St. Croix Moraine. This map
shows an area of stagnant ice features, the most
prominent of which are crevasse ridges and kettle
lakes. Crevasse ridges range in height from 50
to 125 feet, in width from 200 to 500 feet, and in
length from 500 feet to 1-1/2 miles. The nearly
level tops of crevasse ridgeswere inherited from
their deposition within ice walled drainageways,
which in most cases drained ephemeral lakes.
Each of the stratigraphic units was accordant
through the ice-walled channels with the eleva-
tion of the upstream lake or other glacial deposit.
Indetail, thistype of body(Fig. 7) consists mostly
of layers of silty sands; pebbly sands occur near
thebase. Flow rates of the drainage stream were
low; therefore, the waters for the most part
carried fine-size particles. A thin layer of till
caps the deposits, which indicates slump of
materials from adjacent ice that stood at higher
elevations. Later overriding by glacier ice ac-
counts for the contortion of the upper sequence
of silty sand. Information from the model indi-
cates that this type of crevasse body has a very
low gravel potential.

Valley Train Bodies

Figure 8 is a sectionthrough one of thevalley
train deposits in the western part of the Minne-
sota River valley (Fig. 1). This stratigraphic
model also hasacapping of till—residual material
melted from a post-gravel advance of the Grants-
burg ice sheet.

Three separate gravel lenses were deposited
by point-bar migrations of the meandering ice-
block choked meltwater rivers issuing from the
front of the ice sheet. Valley train bodies are
less stratified—had more uniform stream flow
volumes—than braided outwash-fan bodies. The
valley train deposits also contain coarser rock
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FIG. 6. Topographic map of stagnant ice terrane; ridges are ice crevasse features (taken from
U. S Geological Survey, Hopkins 7-1/2-minute quadrangle).

FIG. 7. Generalized stratigraphic section FIG. 8. Generalized stratigraphic section
of a crevasse body. See Figure 6 for legend. of avalley train body. See Figure 6 for legend.
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particles than the braided outwash fans because
meltwater rivers had coarser source materials
and greater competence than meltwater streams
of outwash fans. The average particle size of
the valley train deposits decreases in an easterly
direction outward from the former icefront. The
model indicates that valley train bodies have good
gravel potential.

CONCLUSIONS

In conclusion, surficial geologic mapping,
supplemented by detailed field examinations and
laboratory studies, indicates that gravel deposits
in the Minneapolis area were formed by glacio-
fluvial processes associated with the recession of
the Grantsburg Sublobe ice. Positions of the
gravel bodieswere controlled mostly by thenature
of preadvance surface, which was dominated by
the &. Croix Moraine. Gravel occurrences can
befitted arbitrarily into one of four stratigraphic
models. Braided outwash-fan bodies are the
most important and abundant; valley train and
lagged bodies of the Minnesota River valley are
less abundant, but neverthel ess important

deposits. Crevasse deposits are abundant in
restricted areas and have some importance.

I would suggest from results of this work in
the Minneapolis quadrangle that studies of both
geologic history and glacial processes should be
combined in the search for commercial glacial
gravels.
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ABSTRACT

Prospecting for specific clay, lignite, and carbonate depositsisfacilitated by recog-
nition that these mineral deposits are components of particular depositional systems.
The use of three dimensional facies analysis of genetically related ancient sediments
indicates areas favorable for mineral exploration. Two examples are considered—
a terrigenous clastic sequence containing lignite and ceramic clay, and a carbonate
sequence containing dolomite and high-purity limestone.

The Wilcox Group of Texas (Lower Eocene) is athick terrigenous sequence that
accumulated in fluvial and deltaic depositional environments and in laterally associated
strandplain, barrier bar-lagoonal, and shelf environments. The lower Wilcox fluvial
system consists of three distinct, contemporaneous facies. Elongate lignite deposits
occur in two of these facies. Downdip from the fluvial facies relatively widespread
lignites were deposited in marshes and swamps on the delta plain. Quality of lignite
is different in these two depositional systems.

Ceramic clays with high kaolinite content are common to all three Wilcox fluvial

facies.

One of the facies is characterized by widespread occurrence of sand-kaolin.

In the other two fluvial facies, clays with high kaolinite content occur commonly asso-

ciated with channel sands.

The Edwards Formation (Lower Cretaceous) of Texas, a platform carbonate de-
posit, is comprised of facies analogous to some platform carbonates of the modern
Bahamas. Four broad facies characterize the Edwards. These are from the seaward
edge to platform center: (1) basinal facies, (2) reef-grainstone facies, (3) lagoonal
facies, and (4) platform facies. In this model the reef-lagoonal couple controlled both
initial carbonate deposition and subsequent diagenetic processes which produced two

distinct dolomite facies.

INTRODUCTION

The purpose of the depositional model in
mineral exploration is to relate mineral occur-
rence to a depositional framework with which its
relationship to other facies becomes apparent.
By recognizing similar facies relationships in
other sedimentary sequences, areas where spe-
cific potential mineral deposits should occur can
be predicted. A realistic approach to explora-
tion for many industrial mineralsdemands a basic
understanding of conditions, both primary and
diagenetic, that controlled distribution of facies
of which these deposits are a part.

Regional three-dimensional studies of the
Wilcox Group (Eocene) of Texas, a thick sequence
of terrigenous sediments (Fisher and McGowen,
1967), and the Edwards Formation (Lower Cre-
taceous) of Texas, composed predominantly of
limestone and dolomite (Fisher and Rodda, 1967)
have provided depositional and diagenetic models
for the occurrence of kaolinite, lignite, dolomite,
and chert. These models could be constructed
only after recognition of a larger genetic unit,

the depositional system, of which models of com-
ponent genetic facies, recognized in terms of
modern analogues, are a part. Recognition and
delineation of depositional systems are funda-
mental.

Lignite and kaolinite deposits are component
facies of specific depositional systems which
comprise the Wilcox Group; diagenetic dolomite
and chert facies are closely associated with spe-
cific depositional facies comprising the Edwards
Formation. The following discussion concerns
specifically fluvial, delta, and bay-lagoon systems
of the Wilcox Group and a platform carbonate
system of the Edwards Formation.

LOWER WILCOX DEPOSITIONAL SYSTEMS

Within the lower part of the Wilcox, Fisher
and McGowen (1967) delineated seven principal
systems (Fig. 1). Of special concern here are
three systems interpreted as delta, fluvial, and
lagoon. The dominant depositional element, a
delta system comprised of mud, sand, and carbo-



FIG. 1. Principal depositional systems of the lower Wilcox Group, Texas.
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naceous deposits (chiefly lignite) of several delta
progradations is up to 5,000 feet thick. It grades
up paleoslopeinto a thinner fluvial system. South-
westward transport of sand fromthe delta system
and deposition within embayments marginal tothe
delta resulted in distinct depositional systems
lateral to the delta system. A strandplain de-
veloped just west of the delta system with barrier
bar and complementary bay-lagoon systems oc-
curring farther along strike to the west.

Three systems with which either kaolinite or
lignite are associated are the fluvial system,
delta system, and the bay-lagoon system. The
fluvial system includes most of the Wilcox in the
outcrop belt north of the Colorado River and over
the northern half of the Sabine Uplift. Three
facies within the fluvial system are interpreted
as tributary, slightly meandering, and highly
meandering channel facies, based on sand body
geometry, sand isolith trend, sequence of sedi-
mentary structures, relative abundance of channel
and overbank sediment, and textural properties.

Wilcox Fluvial Systems: Kaolinite and Lignite

Kaolinite is a common associate of fluvial
sandstone bodies, either as a lateral deposit
genetically related to the fluvial sediment or as
terrigenous grains, authigenic minerals, and
replacement products contained within the sand-
stone. Feldspar and muscovite are commonly
altered to kaolinite; Weaver (1960) stated that
clay minerals in sandstones are more apt to be
altered after deposition than clays in other rocks.

Fluvial sandstone, lignite, and kaolinite
associations have been reported in Paleozoic,
Mesozoic, and Tertiary rocks. In many of these
associated facies, kaolinite content of the sand-
stone is high though laterally contemporaneous
shales commonly have considerably lower kaolin-
ite content. Depositional environments in which
authigenic kaolinite occurs have been reported
as fluvial (Potter and Siever, 1956) and fluvia-
tile or fluviolacustrine (Glass, 1956) for Penn-
sylvanian sandstone bodies in lllinois; fluvial,
deltaic, and marine for the kaolinite-bearing
Cretaceous Tuscaloosa Group of northwest Ala-
bama (Clark, 1964); and deltaic plain and asso-
ciated environmentsfor the Tuscal oosa of Georgia
(Kesler, 1956). Similar fluvial-deltaic-lagoonal
depositional environments have been interpreted
for the kaolinitic lower lone Formation (Eocene)
of California(Pask and Turner, 1952), and Wilcox
Group of Texas (Fisher et al., 1965; Fisher and
McGowen, 1967; and Kohls, 1967).

All these reported kaolinitic deposits have
fluvial components in common. Kaolinite inthese
facies is reported to have formed postdeposition-
ally as an authigenic mineral or by replacement
of feldspar and muscovite.

Wilcox Component Facies

Tributary channel facies.—Innortheast Texas
lower Wilcox sandstones occur in definite elon-
gatebodies; isolith pattern shows an overall tribu-
tary plan (Fig. 2). Sand comprises about 40 per-
cent, and mud and clay about 60 percent of the
total facies. Individual sandstone bodies are up
to 80 feet thick. Lower parts of the channel fill
are conglomeratic and trough cross-bedded;
these grade upward into wedge set cross-beds.
These channels cut into underlying and laterally
adjacent laminated muds and silts. Woody lig-
nites are common within this facies, and occur
mainly as elongate deposits that apparently accu-
mulated in swamps devel oped in abandoned channel
courses. Lignites of commercial thickness are
uncommon in interchannel areas. Clays within
and immediately adjacent to channel deposits are
chiefly kaolinitic, whereas clays of nonchannel
overbank deposits are mostly illite, chlorite, and
montmorillonite (Fisher et al. , 1965). Ceramic
clay plants and abandoned lignite mines, as a
consequence of channel-sand and kaolinite-lignite
association, are located along the outcrop adja-
cent to these local Wilcox channel sand deposits.

Slightly meandering channel facies. —Down
depositional slope, a second fluvial facies is en-
countered; sand isolith pattern is less dendritic
than for the tributary facies (Fig. 2). This
pattern suggests that channels of this part of the
fluvial system were slightly more meandering
than tributary channels. Sand makes up about
60 percent of the facies. Primary sedimentary
structures and relationships of channel-fill sand,
kaolinite, and lignite are similar within tribu-
tary and slightly meandering facies.

Highly meandering facies.—The most down-
dip fluvial facies is interpreted to be a highly
meandering channel facies. This facies is the
so-called sand-kaolin belt, or Simsboro Forma-
tion, of outcrop. Kaolinite occurs in genetically
related deposits lateral to channel-fill sandstone,
and within sandstones as mud clasts, authigenic
minerals, and replacement products. Kaolinite
in this facies is a result of both depositional and
diagenetic conditions related to the primary depo-
sitional facies. Outcrop of thiskaolin-rich facies
extends from northern Freestone County south-
ward to about central Bastrop County, and thick-
ness ranges from 10 to about 400 feet. Sandstone
comprises about 90 percent of the facies. Me-
andering channels laid down continuous sands in
belts up to 30 miles wide. Sand isoliths are
relatively uniform, reflecting lateral persistence
of the units.

Sedimentary Structures

Types of sedimentary structures.—Interpre-
tation based on vertical and lateral succession of
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FIG. 2. Fluvial system, Wilcox Group, Texas.

sedimentary structures indicates that most of the
preserved sandstone units represent channel lag
and lower point bar depositional units(Fisher and
McGowen, 1967) and only in the stratigraphically
highest sandstone units are upper point bar and
overbank sediments preserved. Characteristic
sedimentary structures(Fig. 6) include: (1) large
trough cross-beds, (2) tabular cross-beds, (3)
wedge cross-sets, and (4) parallel laminated
beds.

Trough cross-bedding is common in channel
lag sediments. Commonly associated with large
trough cross-bedded units are climbing ripples
that begin near the base of atrough and migrate
both laterally and upward to the flank of a trough
wherethey grade into thin to very thinbeds com-
posed of parallel laminae.

Tabular cross-bedded units range in thick-
ness from about 0.25 to 0.8 foot; locally within
the tabular cross-bedded unit are shallow, trough
cross-bedded units and small dunes that have the
dune form preserved. These types of structures

grade laterally into and overlie channel lag sedi-
ments. These stratificationtypes are interpreted
as lower point bar deposits.

Overlyingtabular cross-beds are wedge sets
or epsilon cross-beds (Allen, 1963) that range in
thickness from 3 to 4 feet. These beds are in-
terpreted to be upper point bar and, in the lower
parts of the highly meandering channel facies,
they are normally truncated by channel lag sedi-
ments and the sequence of structures 1, 2, 3
(above) is repeated.

Thin to thick beds composed of parallel
laminae are present inthe uppermost beds of the
facies. This structural type either overlies and
grades laterally into wedge sets or overlies
massively bedded sandstone containing a few
shallow trough cross-bedded units. Thin, carbo-
naceous, kaolinitic mudstone beds are locally
interbedded with the parallel laminated structural
types. This unit is interpreted as upper point bar
and overbank sediment. Mudstone beds of this
facies were the source of clay and mudstone
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granule to boulder clasts that locally comprise
a significant part of the channel lag sediments.
Upper point bar and overbank sediment is pre-
served only in the stratigraphically highest parts
of the highly meandering facies (Simsboro Sand).

Sedimentary structures of the highly me-
andering fluvial facies are somewhat different
frompoint bar structuresthat have been reported
in fine grained sand of meandering channel sys-
tems (Harms et al. , 1963; Frazier and Osanik,
1961; and Beutner et a., 1967). Sedimentary
structures in point bars on the modern Amite
River, East Feliciana and East Baton Rouge
Parishes, Louisiana, which carries a coarse
sediment load, are analogous to those of the
Wilcox highly meandering channel facies.

Quartzarenite
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FIG. 3. Sandstone composition, including
mud clasts.

Petrography. —A thin section study was
made of each of the stratification types present
in the highly meandering channel facies, using
Folk’s (1968) descriptive sandstone classifica-
tion. Compositionally, sandstone of this facies
ranges from subarkose to sedlithite, depending
upon the quantity of mud or clay clasts. Figures
3 and 4 show variations in sandstone composition
when mud clasts are counted as sedimentary rock
fragments. Most of the mud clasts contain kaolin-
itic clay. Evidence from thin sections indicates
that most of the kaolinite contained within this
facies was formed within the sandstone body.

Average composition of sedimentary struc-
turetypes shows sometrends when plotted in or-
der of stratigraphic occurrence (Fig. 5). Quartz
and orthoclase are more or |less constant through-
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out thefacies. Muscovite increases as grain size
decreases. Mud clast increase results from both
sorting and preservation of the highest parts of
the fluvial system. Vermicular kaolinite is a
cement in upper point bar and overbank sediment;
its upward increase is attributed to preservation
of those units only in the uppermost parts of this
channel facies, and to the fact that these units

were subjected to intense leaching by meteoric
water.

Postulated Kaolin Model

A reconstructed cross section through a
channel near the end of fluvial activity for the
highly meandering facies of the lower Wilcox is
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FIG. 4. Sandstone composition, exclusive

of mud clasts.

shown in Figure 6. Composition is indicated for
each depositional unit. Channel profile and asso-
ciated sedimentary structures relativeto specific
sections along the profile are illustrated. Migra-
tion wastotheleft; lateral erosion of older upper
point bar and overbank sediment with production
of mud clasts is shown ontheleft. As the channel
migrated, only channel lag and lower point bar
units were preserved.

Highest percent kaolinized feldspar and ver-
micular kaolinite in upper point bar and overbank
units resulted from periodic flooding and drying
of these units. Mud lenses deposited in oxbows,
meander scrolls, and other floodplain environ-
ments were kaolinized by organic acid-richmete-
oric water that percolated downward and laterally
through sand of the floodplain and upper point
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FIG. 5. Sandstone composition related to specific stratification types.

bar. Erosion of these lenses contributed kaolin-
itic mud clasts to channel fill sand.

Kaolinite associated with Wilcox fluvial sand-
stone bodies is not unique; similar occurrences
have been reported fromvarious regions inNorth
America in sedimentary sequences ranging in
age fromPaleozoicthrough Tertiary. This asso-
ciation is empirical, and can be expected where
water with high pH is brought into contact with
clay minerals, feldspar, etc. in the presence of
permeable media for removal of water and ma-
terial in solution. Requisites of active leaching
by acid water and permeable sediment through
which the water could migrate are met in Wilcox
fluvial sediments. Kaolinized mud and clay of
tributary and slightly meandering facies probably
contributed some of the kaolinitic mud clasts to
the fluvial system.

The highly meandering facies (Simsboro
Sand) characteristically shows an upward fining
of grain size only when considered in its entirety.
Individual depositional sequences within the unit
do not always show such atrend. Analogous point
bar sequences on the Amite River near Magnolia,
Louisiana, likewise do not display an upward
fining trend. Overall grain size for the Amite

is somewhat coarser (cobble gravel to medium
sand) than the Simsboro (pebble and granule
gravel to fine sand). Maximum relief of the
Amite, from thalweg to top of upper point bar,
is on the order of 25 feet, with the difference
between flood and low water stages being about
16 feet.

Because of the coarsegrain size of the Amite,
percolation of water through upper and lower
point bars (that mass of sediment between flood
and low water stage) is quite rapid. Floodplain
of the Amite is covered by a dense growth of
trees as a consequence of annual average rainfall
of about 60 inches (Wisler and Brater, 1963).

Highest kaolinite present in the Simsboro
occurs in upper point bar-overbank sediment.
These sediment types, interpreted as being anal o-
gous to those of the Amite, were subjected to
intense chemical activity by percolating, high
pH, meteoric water.

In ancient highly meandering fluvial sand-
stones composed of coarse sand, the most favor-
able sites for exploration for authigenic kaolinite
are upper point bar-overbank units, especially
those representing the last (highest stratigraphic
units) depositional events of a particular system.
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FIG. 6. Sand-kaolin fluvial model.

Wilcox Delta and Bay-L agoon Systems: Lignites

Ligniteis acomponent facies of fluvial, delta,
and bay-lagoonal systems. The occurrence of
coa in fluvial sediments has been reported in
ancient rocks of various ages (Potter and Siever,
1956; Fisher and McGowen, 1967; and Brown, in
press). Fluvial associated lignites are commonly

thin and of limited lateral extent. Areally more
extensive and thicker lignite and coal beds are a
facies of deltaplain sediments, which accumulated
under marsh and/or swamp conditions. Ancient
lignite and coal beds have been interpreted as
interdistributary and transgressive (destructional
phase) salt marsh-swamp deposits. Interdistribu-
tary coals have been reported in the Yoredale
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Series of England (M oore, 1958); the Wilcox Group
of Texas (Fisher and McGowen, 1967); and in
Upper Pennsylvanian-Lower Permian rocks in
north-central Texas (Brown, in press). The
more widespread coal beds havebeen interpreted
as part of the delta destructional phase of the
Wilcox Delta System (Fisher and McGowen, 1967);
fresh-water lakebasin for Golden Valley (Eocene)
sediments (Freas, 1962); and as interdeltaic-
subembayment for Upper Pennsylvanian-Lower
Permian coal beds (Brown, in press).

FIG. 7.

Quality of lignite and continuity of deposits
were controlled by depositional conditions that
were operative in specific Wilcox depositional
systems.

Delta System

Downdip fromfluvial facies, the lower Wilcox
consists of sands alternating with muds and silts
containing numerous lignite beds (Fig. 7). Far-
ther downdip this alternating facies is replaced by
thick massive sands, which inturn grade downdip
and along striketo thick, uniform mud sequences.
The alternating sand and mud-silt-lignite sequence
is interpreted to represent distributary channel

and interdistributary deposits which accumulated
on delta plains; the massive sand facies repre-
sents delta front deposits laid down chiefly as
distributary mouth bars and associated units; the
downdip thick mud sequence is interpreted to be
prodelta facies.

Within the delta system, the delta plain
facies is the main lignite-bearing unit. Delta
plain lignites are tabular and commonly non-
woody; some are areally extensive but others
are laterally restricted. Restricted deposits are

Dip section through Wilcox fluvial and delta systems.

interpreted as interdistributary marsh deposits
(Fisk, 1958; Frazier, 1967), and the more ex-
tensivebeds probably developed on thedelta plain
following cessation of sedimentation and during
compactional subsidence of the delta. Delta
plain lignites, in addition to being the most wide-
spread, also attain the greatest thickness of any
Wilcox carbonaceous deposits. Within the delta
plain facies, some lignitebeds attain thicknesses
of 40 feet or greater.

Bay-Lagoon System

Southwest of the delta system are barrier
bar and lagoonal systems. Lignite occurs in the
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lagoonal fill, whichis characterized by burrowed,
massive mud; thinly bedded, laminated sand and
mud; and mound structures composed of impure
micrite and alternating mud and sand laminae.
Lagoonal sediment becomes more sandy seaward
and landward. Lignite beds occur in upper parts
of the lagoon system and represent a final phase
of lagoon fill.

Comparison of Wilcox Lignite and

Modern Peat Deposition

Interpretation of the significance of Wilcox
lignite quality isbased upon comparison of Wilcox
deposits with Mississippi delta marsh environ-
ments. Fisk (1958), Frazier (1967), and Kolb
and van Lopik (1966) have discussed the physical

GULF OF MEXICO

ny’ Sound

tion, marsh environments occur as well defined
zones ranging from salt marsh through fresh-
water marsh, and inland into swamp environ-
ments. Development of marsh on the active
deltais a part of delta construction, while other
marsh areas are chiefly a part of destructional
processes. Widespread Wilcox lignites are in-
terpreted as part of the deltadestructional phase,
and the laterally restricted tabular deposits as a
constructional facies within interdistributary
areas.

The St. Mary Parishmarsh and peat deposits
in south-central Louisiana (Fig. 9) studied by
Lytle and Driskell (1954) are a modern analogue
of some of the Wilcox lignites. St. Mary Parish
marsh-swamp environment is more areally re-
stricted than the more extensive Wilcox lignite
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FIG. 8. Marsh and swamp distribution of the Mississippi Delta.

control of peat accumulation in several areas on
the active Mississippi delta and abandoned ol der
deltas. They mapped marsh environments on the
active delta and on most of the abandoned delta
plain (Fig. 8). The largest single area of fresh-
water marsh, because of frequent flooding, is on
the active delta. In areas away from active delta-

facies. In general, marsh-peat deposits are
higher in NaCl, sulfates, and organic matter,
and lower in ignition loss, silica, and alumina
than the swamp peats. Sodium chloride and
sulfates are highest in marsh peats because of
their proximity to the sea During tropical
storms, swamp vegetation is protected from.
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FIG. 9. Marsh and swamp distribution, St. Mary Parish, Louisiana.

saline waters by a head of fresh water derived
from river flood water and run off from adjacent
high areas. Contamination by terrigenous sedi-
ment is greatest in those parts of the swamp
nearest the levees, and at the seaward edge of
salt marshes where the area is being cut back by
marine processes.

Changes in composition of Wilcox lignites
along the outcrop are interpreted to indicate
differences in depositional environments of these
deposits and to reflect chemical and physical
conditions analogous to those in the St. Mary
Parish area. Fisher’'s (1963) study of Wilcox
lignites in Texas shows that the Colorado River
is the approximate boundary between higher
quality lignite in the north and lower quality in

the south, and this marks the approximate boun-
dary between Wilcox delta plain and embayment-
strandplain facies (Fig. 10).

Fluvial associated lignites average about 5
feet in thickness; they are few in number. Delta
plain lignite beds average about 10 feet thick, and
are more numerousthan in other facies; the delta
plain facies commonly contains as many as 40
lignite beds. Much thinner lignite beds, averag-
ing about 1 to 2 feet thick, occur in lagoonal
sediments; lagoonal lignites contain more clay
or mud partings than either fluvial or delta plain
deposits.

A comparison of fluvial, delta, and lagoonal
lignite characteristics indicates that, in addition
to being the thickest and most extensive deposits,
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FIG. 10. Characteristics of fluvial, delta, and lagoonal lignites, Wilcox Group.

thedeltaplainlignites arethebest quality. Fluvial
associated lignite is intermediate in quality, and
lagoonal deposits are the poorest quality.

High percent woody material and relatively
low sulfur content reflect the fresh-water origin
of fluvial associated lignites. Low ash content,
at least for the thicker commercial grade de-
posits, suggests that contamination by terrige-
nous sediment was at a. minimum inthese swamps;
high percent volatile material and intermediate
specific gravity are a function of the high per-
centage of woody material. Restricted distribu-
tion of beds was controlled by accumulation in
cut-off channel segments and possibly by partial
removal by changes in stream courses.

In outcrop, delta plain lignitebeds represent
inland displacement of marsh-swamp environ-
ments as the delta system was foundering. The
relatively high quality of lignite suggests that
little terrigenous sediment was carried into the
environment. Low sulfur content and presence
of some woody material indicate that swamps,

fresh water, and perhaps some brackish marshes
coexisted during accumulation of these lignites.
Relatively high specific gravity and low percent
volatile matter is a function of either low percent
woody material and high percent marsh plant ma-
terial, or thatthematerial accumulated as mucks.
Delta plain lignites are thicker and areally more
persistent than fluvial and lagoonal deposits be-
cause the compacting thick mud section of the
delta system permitted marsh-swamp conditions
to persist for longer periods of timethan in areas
of fluvial and lagoonal systems.

The generally poor quality of lignite in la-
goonal sediments resulted from contamination by
terrigenous sediment. High sulfur content sug-
gests that lignite probably accumulated in salt
marsh environments. Lignite beds are thin and
discontinuous because of the slow rate of subsid-
ence of sediment underlying the marsh relative
to rates of organic and terrigenous sediment ac-
cumulation.

There appears to be close correlation be-
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tween lignite quality, continuity of deposits, and
depositional environments; the most favorable
areas for exploration are delta plainfacies. Coal
and lignite deposits of this type are widely dis-
tributed in North Americain Paleozoic, Mesozoic,
and Tertiary rocks. A well known U. S example
is the Pennsylvanian deposits of the central in-
terior region. In Russia, delta plain coals occur
in the Donets Basin in Carboniferous through Cre-
taceous rocks (Koperina, 1958). Many Cretaceous
coals and lignites of the western U. S accumu-
lated on delta plains.

Thethickest beds and best quality lignite oc-
curs in the delta plain facies of the Wilcox delta
system. Location of delta plain lignites can be
predicted after the fluvial-delta system relation-
ships have been recognized. Control of the con-
tinuity of delta plain marsh-swamp environment
is a balance between the rate of compactional
subsidence and production of plant material. The
mass of delta sediment controlled the site of
compactional subsidence, directly controlled the
duration of conditions favorable for a marsh-
swamp environment, and controlled the ultimate
thickness of lignitedeposits. Proximity of marsh
or swamp to either fluvial or marine environ-
ments determined the amount of terrigenous ma-
terial contained within lignite, and to a large
degree, the chemical quality, such as sulfur and
sodium chloride content.

EDWARDS FORMATION:
CARBONATE PLATFORM DEPOSITIONAL
SYSTEM

In recent years the Edwards Formation
(Lower Cretaceous) of Texas has been studied by
Rodda et a. (1966), Fisher and Rodda (1967),
Frost (1967), and Moore (1967). Most of the data
for this section was taken from the 1967 paper of
Fisher and Rodda, and the interpretations of both
primary and diagenetic faciesis credited tothem.

The Edwards Formation has been interpreted
to represent a platform carbonate depositional
system, comparable in many respects to the
Bahama Platform—that is, a platform essentially
isolated from influence of terrigenous sediment
(Fig. 11). A Lower Cretaceous platform desig-
nated the Comanche Platform was encircled by
areas of shallow and deep oceanic water. Rudistid
reefs developed along the platform edge, and en-
closed by these reefs was a broad shallow area,
somewhat analogous to the Bahama shelf lagoon;
the lagoon was separated by a broad, slightly
higher platform area into two smaller lagoonal
areas. Prominent biohermal reefs that rimmed
the platform edge restricted circulation across
the shelf lagoon, and exerted tremendous influence
on carbonate deposition onthe platform. Reduced

physical energy, or turbulence, in the area en-
closed by reefs, coupled by changes in water
chemistry, acted together to produce carbonate
and evaporite sediments distinct fromthosewhich
formed reefs and reef associated facies. A dia-
genetic dolomite facies was superimposed upon
some of the primary carbonate facies and was,
to alarge degree, controlled by the reef-lagoon
couple (Fisher and Rodda, 1967).

Primary Component Facies

Contemporaneous with deposition of platform
carbonates were deeper water basinal sediments
which accumulated in the North Texas—Tyler
Basin and the ancestral Gulf Basin. Character-
istics of basinal and platform carbonates are
listed bel ow(for details onthese particular facies,
see Fisher and Rodda, 1967).

Basinal Sediments

Rocksdeposited in the shallow oceanic basin
consist of an upper sequence of nodular micrite,
biomicrite, and mudstone, and a lower sequence
of mudstone and Gryphaea biomicrite. Basinal
rocks of the deeper basin consist of micrite and
biomicrite (Bishop, 1966).

Platform Sediments

Depositional facies at the outcrop include
rudistid bioherm-biostromal facies, platform
grainstone facies, and lagoonal facies; dolomites
represent diagenetic facies.

Rudistid reefs, which formed the north edge
of the platform, fringed the north part of the
lagoon. A framework of rudistids with micrite
interareas comprise the bioherms. Reef flank
material normally consists of large shells, both
whole and fragmented, in a micrite matrix; bio-
sparite is minor. Interreef sediments consist of
biosparite and micrite with varying amounts of
allochems.

The platform facies consists of alternating,
thin, evenly bedded biosparite and biomicrite,
thick beds of cross-laminated biosparite, nodular
micrite, and rudistid bioherms. Chert occurs
throughout much of this facies.

The lagoonal facies presently exposed at the
outcrop consists of thinly bedded and nodular
micrite, and intensely burrowed micrite. Evapo-
rites initially formed a significant part of the
lagoonal fill, but only relatively small patches of
gypsum were preserved. Collapse structures
and solution features in the limestone above
lagoonal evaporites are evidence of former ex-
istence of gypsum.
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Diagenetic Facies

Dolomite

Dolomite occurs predominantly marginal to
although some
Two
types of dolomite present in the Edwards have

the lagoonal facies (Fig. 12),
dolomite is coincident with lagoonal rocks.

been designated stratal and massive dolomite.
Stratal dolomite. —This type is generally

very thinly laminated to thinly bedded, contains

rip-up clasts, and some beds display desiccation
cracks. Individual dolomite beds are commonly
less than 2 feet thick. This type of dolomite is

Alderman and Skinner,
1965).

Massive dolomite.—This type is interpreted
to reflect post-lithification replacement. Dolo-
mite preferentially replaces grainstones, and
rarely replaces micrite and reef core, evenwhere
grainstones are extensively dolomitized, indicat-
ing an underlying permeability control. Dolo-
mitized sequences are on the order of 10 feet
thick. Crystals are fine to coarse (commonly
greater than 30 microns), normally euhedral,
and have an open fabric. This type of dolomite
commonly underlies, or is marginal to, parts of
the lagoonal fill.

1957; and Alderman,

FIG. 12. Dolomite distribution, Edwards Formation.

commonly interbedded with micrite and bio-
sparite. Tightly packed and generally anhedral
dolomite crystals are in the 10-micron range.
Stratal dolomite is interpreted as early, pre-
lithification replacement which formed in an
environment analogous to recent supratidal flats
(Shinn, 1964; Shinn et al., 1965; Purdy and Im-
brie, 1964; Deffeyes et al. , 1965; Ebanks, 1967;

Origin of Dolomite

Thetwo types of Edwards dolomite are related
to specific depositional environments (Fig. 13).
Stratal dolomiteformed in anareaof low physical
energy to the south of the lagoonal system, whereas
massive reflux dolomite replaced grainstones
formed in the high physical energy area asso-
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ciated with reefs. In the lagoon and on the plat-
form, astronomical tides probably were not
effective sediment transporting agents. Domi-
nance of micrite over grainstones attests to low
turbulence. Under these relatively low energy
conditions, early replacement dolomite formed
in supratidal areas by concentration of brinein
local depressions inwhich gypsumwas deposited.
Theresulting Mg-rich brine percolated downward
replacing the calcium ion in the carbonate sedi-
ment. Some replacement may have occurred
through upward movement of water as described
by Shinn et a. (1965).

Surface water salinity increased toward the
platform, and brine flowed toward the lows of the
lagoon floor, where evaporites accumulated.
Brine escaped through permeable lime sand that
floored parts of the lagoon near the rudistid reefs
(Fig. 13). Inthis area grainstones are normally
dolomitized, whereas associated micrite is com-
monly unaffected. Micrite, in many instances,
shielded underlying permeable but undolomitized

grainstones. Reef cores composed of micrite are
commonly not dolomitized, a fact which further
demonstrates a primary permeability control of
massive reflux dolomite. If permeable rock were
brought into contact with Mg-rich brines, dolo-
mitization was essentially complete, and rocks
which had little permeability are those whichnow
have low magnesium content. The mechanism
for this type of dolomitization was by reflux as
postulated by Adams and Rhodes (1960).

Origin of Chert

Brines were rich in both magnesium and
silicon as shown by close association of massive
dolomite and replacement chert (Fig. 13). Re-
placement or diagenetic origin of chert is shown
by preservation of host rock structures and fabric.
The greatest concentration of chert occurs to the
east and northeast of the lagoon system, and is
coincident with reef development.

It is postulated that the mechanisms which
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concentrated magnesium and siliconwere related.
Although the source of these two elements was
not the same, massive dolomite and chert ap-
parently were emplaced by reflux of brinethrough
the grainstone facies. The process of quartz
solution inthe high pH environment of the Coorong
area(South Australia) and precipitation of opaline
silica under lower pH conditions has been des-
cribed by Peterson and von der Borch (1965).
Given a source of silica such as quartz sand,
sponge spicules, diatoms, etc., chert occur-
rence in supratidal flat sediments may be ex-
plained by a vertical pH gradient within the sedi-
ment. A similar gradient is postulated for chert
associated with massive dolomite, but instead of
the gradient occurring within a few inches or a
few feet vertically, as in supratidal sediments,
the gradient was spread out laterally, perhaps a
few tens of feet to afew miles. Sourcefor chert
is postulated to havebeen siliceous sponges which
grew in the current swept interreef areas.

Chert extends farther north than massive
dolomite (Fig. 14), but maximum chert occur-
rence is generally coincident with the highest

percent massive dolomite (Fisher and Rodda,
1967).

Composition of brine was altered as Mg/Ca
ratio was lowered through the dolomitization
process and through dilution by connate water.
Interaction between brine and connate water
possibly lowered the temperature of the brine,
decreased salinity, and lowered pH. These
changes progressed as brine migrated away from
the lagoon producing a chemical gradient favorable
for precipitation of silica.

A model is provided by the Edwards for
stratal and massive dolomite. It can be pre-
dicted that the low energy stratal dolomite will
generally be chert free, but will occur in thin
beds that alternate with limestone, and that the
massive reflux dolomite on the high energy side
of the lagoon will occur as thick units high in
magnesium content, but will generally contain
chert. Reef flank sediments, on the other hand,
are commonly completely dolomitized and are
consistently chert free. The best dolomite pros-
pects are in the massive facies.
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SUMMARY

The use of depositional systems in mineral
exploration will help delineate favorable areas
and to a certaindegree allow prediction of quality
and magnitude of the deposit.

Kaolinite can be expected to occur in muds
and clays immediately adjacent to tributary and
slightly meandering channel sands, and within
highly meandering channel sand, especially in
upper point bar and overbank sediments.

Recognition of fluvial-delta relationships
should indicate areas of the most persistent and
best quality lignite occurrences; recognition of
thereef-lagoonal control for stratal dolomite and
the massive dolomite-chert association should be
of value in exploration for chert-free dolomite.
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